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CHAPTER 1. 
INTRODUCTION 
Motivation 
A modem technological society requires vast numbers of condensers 
ranging from small units rejecting heat from miniature refrigerators to 
power plant main condensers rejecting several gigawatts. A large frac­
tion of these condensers are in-tube condensers. In-tube condensers are 
widely used in the process industries, in air conditioning and refrigera­
tion, and in the petro-chemlcal industries. 
In-tube condensation is often thought of as the process of filmwise 
condensation of a vapor inside a tube. Vapor is condensed at the cooler 
tube wall and the walls, thus, become covered with an annular layer of 
condensate which flows under gravitational, interfacial shear and pres­
sure forces. This well-defined separated flow is called annular flow and 
is the classical in-tube condensation flow regime. It is sketched as 
part of Figure 1. 
Often the gravitational and shear forces modify the liquid film 
and disrupt the well-defined phase segregation. Interfacial waves, 
entrained droplets, stratification, bubbles, and vapor slugs all can be 
present and can greatly modify the flow field. Some of these modifica­
tions are also illustrated in Figure 1. 
The large numbers of devices designed and manufactured each year to 
utilize this process provide the motivation for advanced condenser 
design. Large amounts of scarce and costly materials are fabricated 
into these condensers each year. Improvements in condenser design could 
result in smaller devices which would require less material [1]. 
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Improved condenser design could also enable more effective utilization 
of thermodynamic availability. Resultant improvement in efficiency 
could make a significant contribution toward reducing national energy 
requirements. 
The potential Improvements motivate advanced condenser design; but 
the more exciting applications of advanced design extend beyond improv­
ing existing devices to new applications. Large scale, horizontal tube 
evaporator, distillation facilities for the production of potable water 
are such an application. The research effort currently underway to 
develop these devices is, in part, concerned with condensation inside 
tubes as a controlling heat transfer phenomenon within these devices. 
Advanced condenser design could also make a significant contribution 
to mitigating the environmental effects of a modem technological society. 
There is a potential for such a contribution in the power generating 
industry [2j; vhere thermal pollution is a concern, and a very intriguing 
potential in the transportation sector where large condenser sizes are 
one of the major difficulties hampering the development of a Ranklne-
cycle automotive prime mover. Such a prime mover has the potential to 
significantly reduce automotive emission pollution [3,4,5]. 
A major objective of advanced condenser design is to increase heat 
transfer rates. Techniques to augment condensation have the pctcnt-ial to 
meet this goal. Since a significant percentage of condensers are in-tube 
condensers, an understanding of techniques to augment in-tube condensa­
tion could make an important contribution to advanced condenser design. 
However, filawise condensation Inside tubes is a heat transfer pro­
cess with rather high heat transfer coefficients. A valid question may 
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be raised as to the utility of augmenting what may be the smallest 
thermal resistance In the condenser. There are, however, circumstances 
where condensation can provide the controlling heat transfer resistance. 
There are many applications for condensers condensing fluids whose thermo-
physlcal properties are such that, normally, their condensation heat 
transfer coefficients are quite low. Many industrially important organic 
liquids and most common fluorocarbon refrigerants fall into this class of 
condensing media. Often in condensers condensing these fluids, the con­
densation heat transfer resistance is significant or even dominant. 
These condensers are usually of the in-tube type, and augmentation tech­
niques could be used to make significant isçîrovements in the performance 
of such condensers. 
There are also many high performance thermal systems where change 
of phase or augmentation of other thermal resistances cause the condensa­
tion resistance ro be significant or controlling. Systems that use 
condensing steam to boil other fluids are an example of such systems. 
In these devices the condensation side thermal resistance can be the 
controlling parameter. Significant increases in heat transfer rates for 
such devices can be realized by augmenting the in-tube condensation. 
Some devices of this kind may find use in the power industry, where they 
may be attractive to re-superheat turbine steam; in the chemical process 
industry, where continuous evaporation and condensation of fluids are 
necessary; and in desalination equipment. 
The process chemical industry provides another example. Where there 
is a lack of sufficient cooling water for large chemical plants, air-
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cooled condensers are finding increasing application. Often the air-
side heat transfer surfaces of these devices are extensively finned, 
resulting in low air-side thermal resistances, and consequent dominance 
by the condensing side resistance. Thus, high performance air-cooled 
condensers are another potential application for augmented in-tube 
condensation. 
These considerations led to the present program to augment in-tube 
condensation. This program was limited to horizontal in-tube condensa­
tion because most in-tube condensers are so constructed. 
Goals 
To meet the objective of providing augmentation techniques for hori­
zontal in-tube condensation, four goals were established with the object 
of achieving this end. They were: 
1. To establish a reference case of condensation within a hcri= 
zontal smooth tube to serve as a standard against which aug­
mented performance could be compared. 
2. To experiment with various augmentation techniques to deter­
mine their effectiveness in augmenting in-tube condensation. 
3. To provide methods with which to predict the heat transfer 
performance of the augmented condensation processes. 
4. To provide useful means with which to assess the performance 
of the augmentation techniques in order that the techniques 
may be compared. 
To meet these goals, a conventional research program was pursued. 
An extensive survey of in-tube condensation literature was undertaken. 
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Its purpose was to acquire a state-of-the-art understanding of the in-
tube condensati'-a process. This understanding was necessary if intelli­
gent choices of augmentation techniques were to be made. A survey of 
techniques to augment condensation was also undertaken. It was antici­
pated that this survey would provide some further background upon which 
to base the choices of augmentation techniques. 
A program of experiments with horizontal in-tube condensation within 
smooth tubes was undertaken to provide the reference standard with which 
augmentation schemes were to be compared. These experiments also proved 
valuable as a means of familiarization with the in-tube condensation proc­
ess. Having established a reference case and selected the augmentation 
techniques, these techniques were then tested. After the experimental 
program had been completed, models of the augmented processes were pro­
posed which provided the basis upon which the correlation methods were 
developed. The correlation methods were then tested with the experimental 
data obtained during this study and, where available, with the experimental 
data of other investigators. At the completion of this phase, performance 
indices were developed and applied to the present data. The augmentation 
techniques were then evaluated using these indices. 
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CHAPTER 2. 
SELECTION OF SMOOTH TUBE CORRELATIONS 
AND AUGMENTATION TECHNIQUES 
Condensation In Smooth Tubes 
An exiiaustive survey of the literature available on condensation 
within s'iceth tubes was undertaken in support of this research effort. 
This siirvey served to provide a fundamental understanding of in-
tube condensation upon which the choices of augmentation techniques 
were, in part, based. It was expected that this survey also would 
suggest useful models for predicting the performance of the augmented 
tubes. 
More than sixty references were consulted for this survey. This 
number, in Itself, is interesting since it is an indication of the 
interest in this topic- The details of this survey are recorded in 
Appendix 1. The survey itself is tabulated in Tables Al.l and A1.2. 
This survey demonstrated that there is little agreement on the 
important mechanisms of in-tube condensation. There are several 
major classifications of in-tube condensation models, usually 
reflecting different opinions as to the nature of the liquid-phase 
thermal resistance. 
Among these models, two classes seem to be the most popular. 
Chronologically, the earlier class embraces those models which are 
based upon the argument that the controlling phenomena in filmwlse 
condensation heat transfer are analogous to those in single-phase 
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heat transfer. Hence, in-tube condensation can be modelled in a 
similar manner. This one-phase similarity class was followed by the 
other major classification - the boundary layer similarity model. 
The boundary-layer similarity model views the condensate film as 
the controlling thermal resistance in the system. Furthermore, this 
film is amenable to modelling by boundary-layer techniques. 
These differing classes of models offered little help in 
suggesting effective augmentation techniques. The only conclusions 
to be drawn from these models were that any techniques to increase 
liquid-phase turbulence would improve the heat transfer, as would any 
technique to reduce the condensate film thickness. 
Flow régime studies, included in the survey, demonstrated that flow 
regime considerations were important to the condensation process and 
to an analytical model as well. The survey suggested that augmentation 
techniques could be sensitive to flow regime. Since methods to predict 
flow regimes are rather inaccurate, it would seem wisest to adopt an 
augmentation technique that would be effective through a spectrum of 
flow regimes. 
A survey of the experimental conditions of in-tube condensation 
experiments was included in this survey. The data proved useful as 
they suggested an appropriate size for the experimental facility. 
Initially, it was expected that literature describing previous 
in-tube condensation experiments would provide data which could serve 
to verify the results of the experiments reported here. Unfortunately, 
the world bank of in-tube condensation data did not include any 
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acceslble data for low pressure steam condensing tn&tde horizontal 
tubes appropriate to this study. 
Consideration was given to comparing the data with available data 
obtained from vertical tube experiments. Unfortunately, flow regime 
mapping suggested that the experimental data were in a regime where 
gravity effects were significant. Hence, a comparison with vertical tube 
data might have proved misleading. 
There remained the option of comparing the experimental data with 
performance predicted by some of the many generalized in-tube 
condensation correlations available in the literature. This approach 
also had drawbacks. The correlations, by and large, incorporated some 
empirical information which might restrict their range of applicabil­
ity. Furthermore, the data base for many of these correlations 
incorporated data obtained from experiments condensing many fluids 
other than water and at conditions substantially nearer the critical 
point of their respective fluids than the data reported here. How­
ever, subject to these reservations, the comparison of the experimental 
data with the predictions of several correlations was undertaken to 
validate the experimental results. The search for a predictor of 
smooth tube data was further motivated by the consideration that if 
a correlation could be proved to be a reasonably accurate predictor 
of the experimental results for the smooth horizontal tube, then it 
might prove tractable to the appropriate modifications which would 
make it a suitable predictor of augmented performance. 
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Since the resources were not available for the task, all of the 
correlations obtained for this survey and presented In Table Âl.l 
could not be tested. Therefore, five correlations were selected from 
Table Al.l for testing. These correlations were selected on the basis 
of the following criteria, arranged in order of importance: 
1. The correlations were to be for in-tube condensation. 
2. The correlations were to incorporate, as part of their 
data base, data obtained from horizontal experiments. 
3. The correlations were to embody the assumption of at least 
a partly turbulent condensate flow. 
4. The correlations were to be based upon condensing fluids 
whose thermophysical properties were similer to those of 
steam, i.e., correlations specifically for the condensation 
of liquid metals were to be ignored. 
5. Preferably, the correlations were to have incorporated 
condensing steam data into their data base. 
6. Preferably, the various correlations encompassed several 
different models of the in-tube condensation process. 
The selected correlations are listed in Table 2.1 along with 
information concerning them pertinent to the above mentioned criteria. 
The correlation of Boyko and Kruzhllin [6] was chosen because water 
was the experimental fluid upon which the correlation was based and 
because the correlation seemed typical of Russian views on the 
subject. 
TABLE 2.1 
DEXI^ ILS OF SELECTED B-TUBE COtJDENSATION CORREIATIONS 
Correlation Angle Type Model Ijilet Quality Fluids 
Boyko and Kruzhtlln Horizontal Average 
[61 
Akers et al. [7] Horizontal Average 
One-phase 
similarity 
One-phase 
similarity 
20% - 100% Water 
100% R-12, Propane 
Rosson and Myers 
[8 ]  
Traviss et al. 
[9] 
Soliman et al. 
[10] 
Horizontal Local 
Horizontal Local 
Horizontal- Local 
Vertical 
Laminar upper tube 
Von Kairman analogy 
lower tube 
Von Karman analogy 
Laminar sublayer 
resistance 
90% - 100% Acetone, 
Methanol 
20% - 100% R-12, R-22 
3% - 99% Various 
(Pr: 1-10) 
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Correlation of Boyko and Kruzhllin: 
h = 0.024 ~ Re,'B Pr. 
c 1 1 
A m /in Vm /< 
r 
out 
where: 
P, - P„ 
(2.1) 
 ^= 1 + I I X 
The correlation of Âkers, Deans, and Grosser [7] was chosen because 
it is a widely applied correlation, recommended by ASERAE [11]. It is 
also a good example of an earlier correlation of the one-phase 
similarity type as well as being an average correlation. 
Correlation of Akers, Deans, and Crosser: 
^1 — I/o 
(2 .2)  
e^re; C = 0,0265 , n = 0.8 
C = 5.03 , n = 1/3 
for Re > 5 X 10 
e 
for Re < 5 X 10 
e 
The correlation of Rosson and Myers [8] was selected because it 
incorporates stratification considerations which seemed important to 
the conditions experienced during this study. Furthermore, the 
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experimental conditions used in the development of this correlation 
were at reduced pressures similar to those obtained during 
this Investigation. 
Correlation of Rosson and Myers: 
1/4 
% •= 0.31 \ ^fg ^ l^ l^ " 
4i^ l(Tsat - V 
0  — R e ,  
hTT = 
5 + ^  (In 5PrJ + 1) 
P = 0.27TT Re°'l if 
Re*'* Re?'5 
V 1 
Ga < 6.4 X 10 
o 1.74 X 10"^  TT Ga r = =—=—
(Re^  Re^ )"-^  
xr Ga 6,4 X 10 
ê he = hn + (^ 0 - V # 
(2.3 
O 1 
0 = 1 +  - r -  +  
<t 
12 
K t  
from 1121 
4: 
The correlation of Traviss et al. [9] was selected because 
It is among the latest correlations available. It is also the latest 
development of a correlation based upon the assumptions of annular 
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flow boundary-layer similarity with the Von Karman velocity distri­
bution through the film. 
Correlation of Traviss et al.: 
k Pr, 
" d F F for 0.15 < F < 15 (2.4) 
F = 0.15 ^  + 2.85 
for Re^  <50 F^  = 0.707 Pr^  ReJ*^  
50 < Re^  < 1125 F^  » 52%^  + 51n[l + Pr^ CO.09636 Re°*^ ®^ -1)] 
Re^  > 1125 Fg = 5Pr^  + 51n(l + 5Pr^ ) 
+ 2.5 ln(0.00313 Re°*^ ^^ ) 
/  \ Q  1  /  \ Q  Q  / .  \ n . s  
The correlation of Soliman, Schuster, and Berenson [10] was 
chosen because it is based upon a large data base, including data 
obtained with water as the experimental fluid. It was also chosen 
because it is a highly developed form of yet another model, the 
laminar sub-layer resistance type. 
15 
Correlation of Soliman, Schuster, and Berenson: 
(2.5) 
F = Ff, + F - F 
o f m a 
8 p, 4 
= 0.045 Re -0.2 1.80 
+ 5.70 — 
0.0523 
(1 - X) 0.470 1.83/W 
0.261 
+ 8.11 
0.105 
(1 - x)0'940 %p.860f Py 
0.522 
I=0.50d(^ 
8 a:;/n2 p,. a; V /  
2/3 
\^ 1 / 
+/'i-3+2xU^^ + (2% . 1 . Bx) ^ ' 
V / vi / Vi / 
2P - ^  - Px + 2(1 - X - p + fix) — 
8 
= 0.50 Fr -1 1 -
. , P X I f V 
2/31 -1 
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where P = 2  ^* from experiment. 
Re_ = 
t n n. 
i 8(Pi - P^ P, 
Condensation in Augmented Tubes 
In parallel with the study of condensation inside smooth tubes, 
the literature of condensation augmentation was surveyed. The 
surprising figure of ICO references was exceeded when preparing this 
study. It was hoped that this survey would provide insights into the 
augmentation of in-tube condensation \^ ich would prove useful in the 
selection of augmentation techniques. Details of this survey are 
discussed in Appendix 2. The survey proper is presented in Tables 
A2.2 and A2.3. 
The survey demonstrated the necessity of differentiating between 
dropwise and filmwise condensation. The promotion of dropwise conden­
sation occasionally has been regarded as an augmentation technique. It 
assuredly is, but dropwise condensation is also phenomenologically 
different from filmwise condensation and, as such, should be considered 
as a separate topic. Furthermore, it seemed that promotion of dropwise 
condensation is not just limited to the special geometry inside of tubes, 
but is a topic relevant to dropwise condensation in general. Furthermore, 
while dropwise condensation holds the promise of high heat transfer rates, 
it may be limited to geometries where the condensing is well drained. 
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If the surface were flooded by the condensate, vo vapor could be directly 
adjacent to the surface, and there would be no dropwise condensation. 
Thus, the flow of a condensing vapor within a tube may be a poor candi­
date for heat transfer augmentation by dropwise condensation. Because 
of these considerations, dropwise condensation was not considered 
further. 
This survey demonstrated that considerable interest in the 
augmentation of filmwise condensation has existed. It is apparent 
that most of this interest has been in the augmentation of condensa­
tion on external surfaces. The augmentation of condensation on 
internal surfaces, including its major sub-set, in-tube condensation, 
has been comparatively neglected. 
Techniques to augment filmwise condensation are classifiable 
as passive and active techniques. Active techniques are those 
requiring external power for operation; passive ones do not. 
There have been many interesting attempts to augment filmwise 
condensation by active techniques, and some of them showed the promise 
of being effective for in-tube applications. However, the study of 
the augmentation of in-tube condensation is so neglected that there 
are many attractive passive techniques not adequately researched. 
Therefore, active techniques were removed from consideration because 
many more fundamental passive techniques were considered to be of 
greater interest. 
The survey illustrated that there have been many studies 
of the augmentation of condensation by passive techniques. Most of 
these studies were concerned with condensation on external surfaces. 
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and many of those studies were very successful. 
Three of these passive augmentation techniques were selected for 
testing with In-tube condensation. The first technique tested was to 
incline the smooth tube from the horizontal. Ihis technique was 
selected because experiments with Inclined external surfaces suggested 
that this could be an easily implemented technique which promised modest 
improvements in heat transfer. 
The survey showed that the most successful types of augmentation 
techniques were film turbulators and extended surfaces. Therefore, 
these techniques were selected as the most interesting candidates for 
testing in-tube condensation. 
The twisted tape was chosen as a film turbulator because it 
represented a class of successful single-phase augmentation techniques. 
It was, analytically, rather clean, which would simplify modelling. It 
also promised to be relatively insensitive to flow regimes because it 
would fill the tube and continue as a turbulence promoter even after 
having been flooded. This technique would also be easy to fabricate and 
install. 
The last type of augmentation technique tested vas intemally-
flnned tubes. This technique was selected because intemally-
flnned tubes have become widely used to augment single-phase heat 
transfer. They are readily available in a wide range of configura­
tions. Intemally-flnned tubes promised to be an effective augmenta­
tion technique largely because of their increased heat transfer 
surface. By selecting spirally-finned tubes, the turbulence promotion 
of the fins could also be enhanced. These tubes were considered to 
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be more sensitive to flooding than the twisted tape, but still 
insensitive enough to provide effective augmentation through a 
spectrum of flow regimes. 
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CHAPTER 3. 
EXPERIMENTAL FACILITY 
Design Considerations 
The test condenser was the most critical aspect of the experimental 
design. The condenser was designed to provide sufficient Information to 
determine the condensation heat transfer coefficients of Interest. Deter­
mination of the coefficients presented the usual problem. There are no 
means of directly measuring the heat transfer coefficient because this 
quantity is defined as a constant of proportionality between heat flux 
and an appropriate temperature difference, 
\ = sr (3-1) 
Thus, to Infer the heat transfer coefficient. It Is necessary to determine 
the energy transferred per unit surface area cf the tube and to measure a 
meaningful temperature difference. These are the primary pieces of infor­
mation this condenser was designed to supply. 
Heat flux 
There are several different methods by which quasi-local values of 
the energy transferred per unit surface area (or heat flux) can be deter­
mined. One method of determining energy transferred is to utilize 
Fourier's heat conduction equation, limited to the one-dimensional case 
of radial conduction through the condensing tube vail, 
2k ir (I - IJ 
' - ;r>,) 
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Thus, by knowing the geometry of the tube, measuring the outside and the 
inside wall temperatures, and assuming that these temperatures are con­
stant over the section of the tube of interest, the heat flux can be 
determined. Furthermore, by measuring the tube wall temperatures at many 
locations, Az can be made small. This then permits an approximation to 
the local heat flux and local heat transfer coefficient, if the appro­
priate temperature difference is known. This technique has been used by 
several investigators [8,13]. 
Unfortunately, for tubes of high thermal conductivity and small wall 
thickness, such as those required for use in this program, the difference 
between the inside and the outside wall temperatures was expected to be 
small, approaching the limits of resolution of most common temperature 
measuring systems. Even if this resolution problem could be overcome, 
similar considerations require the largest possible radial separation 
betvstn the tvc tezperaturs sensors to assure acceptable accuracy. This 
implies that the sensors should be mounted at the inside and outside dia­
meters of the tube. For the case under consideration here, the inner 
sensor would then be exposed directly to a two-phase mixture which is 
thermally very noisy. A thermal sensor small enough not to interfere with 
the condensation process would probably respond to these disturbances. 
Statistical considerations suggested that because the temperature extremes 
detected by the inner sensor could be very much larger than the nominal 
temperature difference, even an averaged determination of the temperature 
difference would have a large error. For these reasons, this method of 
heat flux determination was not utilized. 
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The only other practical method of determining the quasi-local energy 
transferred is to measure the temperature change of the coolant. One 
means of doing this is to mount a convenient number of thermocouples in 
the annulus through which the coolant flows. Sufficient thermocouples 
are installed to give an accurate approximation of the coolant temperature 
change with length. This information is used to calculate the local heat 
flux between the thermocouples. Then from the local heat flux and the 
appropriate temperature difference, the local condensing heat transfer 
coefficients are calculated. This technique has been used in the past 
by several investigators [14,15] and was considered for this study. 
It appeared, however, that a thermocouple inserted into the coolant 
annulus would record some temperature other than the average of the 
temperatures through the coolant at that particular axial location. 
Certainly, at high Reynolds numbers the coolant would be turbulently 
mixed, but three-dimensional effects, stagnated locations, and occasional­
ly very high heat fluxes - approaching values high enough to initiate 
subcooled boiling - suggested that the potential for error in the 
measurement of the local bulk coolant temperature would be large. Other 
investigators have apparently reached similar conclusions. Kosky and Staub 
[16 ], for example, incorporated a device into their equipment to promote 
w-riTig in the vicinity of their coolant thermocouples. Since it could not 
be coaviacingly daswasttfited that these effects were negligible, this 
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method was discarded.^  
There are, of course, other, more accurate means of measuring the 
incremental temperature change of the coolant. The temperature of the 
coolant can be accurately measured at the inlet and the exit of the test 
section by assuring that it is well-mixed. If a sufficient number of 
these measuring stations is placed along the test condenser and if the 
coolant is made to flow from a measuring station through a short length 
of condenser to another measuring station, and so on in series through the 
entire condenser, an accurate measure of the coolant temperature change 
through the condenser can be attained. From this information, local heat 
fluxes and local heat transfer coefficients can be obtained. This method 
of heat flux determination was selected for the test condenser. The 
energy transferred to the coolant between stations was determined by the 
rise in temperature of the coolant flowing at a known rate 
" = »co "n - W <3.3) 
The heat flux was then calculated by dividing the energy transferred 
between stations by the heat transfer area between those stations 
In the light of subsequent experience, the decision to discard this 
technique seems a sound one. Early in the testing of the experimental 
equipment, very large heat balance errors were obtained. Typically, the 
coolant side energy gain would be 40 or 50 percent that of the test fluid 
energy loss. This error was attributed to the subcooled boiling of the 
coolant. 
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Practical considerations dictated that the incremental lengths be a 
minimum of several feet; hence, the coefficients were sectional average 
or quasi-local. 
The local saturation pressures can also be used to provide an inde­
pendent measure of sectional energy transfer. This requires calorimeters 
at each pressure tap to measure local quality. Saturation pressure and 
quality permit determination of test fluid enthalpy from which the sec­
tional energy transfer can be calculated. However, in a structured two-
phase flow, there is great difficulty in assuming that the sample measured 
by the calorimetric system has a quality equal to that of the total flow. 
Therefore, the option of having two independent energy transfer measure­
ments for each section was not exercised. However, the overall energy 
transfer was independently checked by determining test fluid energy loss. 
Temperature measurement 
The temperature difference in Equation (3-1) is by convention the 
difference between the saturation temperature of the condensing fluid and 
the inside tube wall temperature. There remained the problem of obtain­
ing the correct temperatures. 
The test fluid sâturatioii temperature could be determined by in­
serting temperature sensors, probably thermocouples, directly into the 
flowing fluid. Unfortunately, it is very difficult to insure that the 
temperature sensors would record the saturation temperature of the con­
densing fluid. 
Consequently an alternate approach was selected. Pressure taps were 
installed to sense the local condensing test fluid pressure. From these 
pressure readings, and assuming uniform pressure over the cross section. 
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the corresponding saturation temperatures were determined. Local pressure 
was measured at the inlet and outlet of each test section, the correspond­
ing saturation temperature was determined, and then these temperatures 
were averaged linearly to determine the sectional average test fluid 
temperature. 
The second temperature of interest was the inside tube wall 
temperature. Practical difficulties preclude direct measurement of 
this temperature; therefore, it urast be inferred fron other temperature 
measurements. The easiest alternative temperature to measure is the 
coolant temperature. The condensation heat transfer coefficient can be 
expressed in terms of this temperature as follows: 
•t, _ qM ( 2  5 )  
1 o i o 
The introduced temtjersture diffê^êncês can be cbtsizisd froTH tii£ 
heat flux and the appropriate heat transfer coefficient as 
(q/A)r^  
and 
-^co=h-^ 
O CO o 
(q/A) 
w^i -  ^
26 
Equation (3.7) can be easily calculated, but Equation (3.6) has a 
further unknown, the coolant side heat transfer coefficient. This coeffi­
cient can be estimated from one of several correlations for heat transfer 
in an annulus. 
Substitution of Equations (3.6) and (3.7) into Equation (3.5) and 
rearranging, yields 
This calculation was incorporated into the original data reduction scheme 
because the overall temperature difference and the tube wall thermal 
resistance were available. The coolant heat transfer ceofficient was 
estimated from a standard correlation for turbulent flow through an annu­
lus. The condensation heat transfer coefficient obtained from this calcu­
lation was used to check the condensation heat transfer coefficient 
obtained by other means described below. This was not a successful under­
taking since the estimate of the coolant heat transfer coefficient appeared 
to be much too low. This low estimate probably was due to the very high 
levels of turbulence in the test condenser coolant caused by high coolant 
flow rates and obstructions to coolant flow such as the many thermocouple 
leads and the by-passes. The result was a gross overestimate of the con­
densation heat transfer coefficient. 
The coolant heat transfer coefficient in Equation (3.8) can be elimi­
nated by measuring yet another temperature difference, that based on the 
condensing fluid and outside tube wall temperatures. Expressing this 
temperature difference as a sum of temperature differences, the condensa­
te.8) 
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tion heat transfer coefficient can be expressed as: 
\ T  ^- T " "(T - T )^ - (T - I ) 
sat w. sat w w w. i o o X 
where the second temperature difference, T - T , can be obtained from 
% i^ 
Equation (3.7). The condensation heat transfer coefficient is then cal­
culated from: 
-1 
''c " 
— t  ^V 
(3.10) 
Since the outside tube wall temperature can be obtained without much 
difficulty, this technique should be viable. 
However, with this technique, the energy transferred in a section of 
the test condenser, as measured, is an integrated value for the entire 
section. Thus, the condensing test fluid temperature and the outside tube 
wall temperature must be appropriately averaged values to enable the 
calculation of a meaningful condensation heat transfer coefficient. 
Nevertheless, it seemed that this difficulty could be overcome by using 
sufficient temperature sensors and by giving proper consideration to 
averaging methods; thuS; this technique was selected. Equation (3.10) 
was used to calculate the heat transfer coefficient, and the technique 
discussed above in conjunction with Equation (3.3) supplied the required 
Information on energy transfers. 
Two-phase pressure gradient 
The secondary function of the test condenser was to permit measure­
ment of the change in static pressure on the condensing side along the 
tube. To accomplish this, the test condenser tube was equipped with 
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pressure taps located at the inlet to the condenser and at stations 
corresponding to the exit cf each condenser section. The pressures 
measured at each of these taps were a-îo used to determine saturation 
temperatures as mentioned above. 
Description of the Facility 
Taking into account the considerations mentioned above, a versatile 
in-tube condensation test facility was designed and constructed in the 
Heat Transfer Laboratory of Iowa State University. The facility 
consisted of appropriate piping and instrumentation designed to test 
single in-tube condenser tubes of various diameters, internal geometries, 
and lengths. 
As shown in Figure 2, the test fluid side of the facility was 
equipped to operate in an open configuration. During open-loop operation, 
steam was introduced into the superheater through a strainer from a 
building service steaa main. A throttling valve controlled the super­
heated steam flow rate to the test condenser. The condensate or con­
densate-vapor mixture exited the test condenser through an adiabatic 
sigjht glass section to the void fraction trap or void fraction trap by­
pass line. The condensate or condensate-vapor two-phase mixture then 
flowed to the after-condenser for condensation to a one-phase flow and/ 
or subcooling. The subcooled condensate then passed through the system 
pressure regulation valves to the condensate flowmeter, and was then 
discharged to a floor drain. 
Figure 2 also illustrates the operation of the coolant side of the 
facility. A 2 in. water main delivered University well water to the 
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FIGURE 2 SCHEMATIC OF EXPERIMENTAL FACILITY 
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facility at a temperature of 45°F to 60°F, depending on the season, for 
use as the coolant. Upstream of the facility, the water main supported 
a stagnation pressure of 60 psig. The coolant entered the test condenser 
through .a valve used for flow control. After passing through the test 
condenser, the coolant was discharged through the coolant drain valve. 
The coolant main also supplied water to the after-condenser and for other 
auxiliary purposes. Detailed descriptions of the basic components com­
prising the facility are presented in Appendix 3. 
In order to investigate the influence of body forces on the in-tube 
condensation process, the facility was constructed to allow the test 
condenser and sight glass assembly to swing through an arc from approxi­
mately 10 degrees above the horizontal to approximately 10 degrees below 
the horizontal. To accomplish this, test fluid and coolant lines were 
provided with suitable couplings of varying length enabling them to be 
appropriately connected when the test condenser was in various positions. 
Figure 3 is a photograph of the experimental facility configured at 
+ 10.0 degrees. 
Details of experimental operating procedures are provided in 
Appendix 4. In addition to normal operating procedures, start-up and 
initial test procedures also are described. 
The experiments reported here were performed with steam as the test 
fluid. The facility was operated in the open-loop configuration only. 
Table 3.1 indicates the designed range of operation of several important 
independent parameters. The extremes of the range of operation of some 
important dependent variables achieved during the experimental program 
are indicated in Table 3.2. 
FIGURE 3 PHOTOGRAPH OF EXPERIMENTAL FACILITY 
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TABLE 3.1 
EXPERIMENTAL FACILITY INDEPENDENT PARAMETER RANGES 
Maximum Coolant Flow Rate 
Maximum Test Fluid Flow Rate 
Design Pressure 
Design Temperature 
Maximum Test Condenser Length 
17,500 Ibm/hr 
700 Ibm/hr 
115 psia 
350 °F 
15 ft 
Superheat 0 - 2 8  
TABLE 3.2 
EXPERIMENTAL FACILITY DEPENDENT VARIABLE RANGES 
Mass Flux 
Heat Flux 
Inlet Vapor Velocity 
Overall Condensing Heat 
Transfer Coefficient 
Heat Transfer Rate 
Outlet Quality 
110,000 - 420,000 Ibm/hr ft 
70,000 
270 
3200 - 19,000 BTU/hr ft'°F 
450,000 BTU/hr ft' 
720 ft/sec 
140,000 - 660,000 BTU/hr 
-0.019 - +0.041 
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CHAPTER 4. 
THE SMOOTH TUBE 
Introduction 
There were a ntunber of reasons for considering in-tube condensation 
in a smooth tube as part of the study of augmented in-tube condensation. 
These were: 
1. To establish a smooth tube data base which was to 
serve as a reference against which augmented perfor­
mance could be compared. 
2. To verify the experimental equipment and calculation 
procedures used here by comparing the experimental 
smooth tube data with the smooth tube data of other 
investigators. 
3. To check smooth tube condensation models and 
predictive correlations with the experimental smooth 
tube data. Successful models could serve as a basis 
upon which to develop predictors for the performance 
of augmented in-tube condensation. 
4. To study in-cube condensation flow regimes. 
5. To investigate the augmentation effects of 
inclining the smooth tube from the horizontal. 
General Considerations 
Flow Regimes 
Since an understanding of flow regimes is basic to any understanding 
of two-phase flow, the experimental facility was equipped with a sight 
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glass section at the test fluid exit end of the condenser. This sight 
glass was installed to enable visual observation of the flow regime as 
the test fluid left the condenser. 
As valuable a piece of equipment as was this sight glass, it 
provided no flow regime information for locations elsewhere within the 
test condenser. To obtain this information, the flow regime mapping 
technique of Baker, as modified by Bell et al. [17], was used. The 
transformed Baker Map uses the following empirical dimensional 
parameters : 
A = (P^o,) 
 ^1/3 (4-» 
'' " 
" Pi 
The flow regime parameters for this mapping scheme were calculated 
from the experimental data for all of the horizontal smooth tube runs. 
For each run, the flow regime parameters were calculated at the local 
conditions recorded at the exit from each of the four test condenser 
sections. To perform these extensive calculations, a computer code 
was developed. This code presented the results of the calculations 
graphically by plotting the calculated points on suitable coordinates. 
An attempt was also made to determine the specific flow regime 
condition where liquid began to be entrained. The onset of entrainment 
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was calculated from the correlation of Wallis [18]. This 
correlation predicts a critical vapor velocity above which drops are 
entrained from the liquid film on the wall as follows: 
The flow regime computer code also was used to perform this calculation 
for the experimental conditions at the test condenser section exits. 
Heat transfer correlations 
The experimental heat transfer coefficients obtained from the 
horizontal smooth tube were compared with values predicted by several 
of the many correlations available in the literature. The correlations 
selected for this purpose are discussed in Chapter 2. They are 
Myers [8], Traviss et al. [9], and Soliman et al. [10]. 
In order to evaluate these correlations as accurate predicters 
of the experimental in-tube condensation heat transfer data, the 
correlations were used to predict heat transfer coefficients for the 
conditions experienced for each horizontal smooth tube experimental run. 
The predicted heat transfer coefficients were then compared to the 
corresponding experimental ones. 
To perform this lengthy calculation for each experimental run, a 
computer code was developed to perform the calculations, prodnce hard 
copy output and punched card output, and plot the results of the 
predictions for each run on h vs. x coordinates. This code was designed 
u 
crit 
2.46 X 10"* a (4.2) 
•ovko and Kruzhilin. [8|, Aksrs et al. [7], Rcsson and 
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to perform three separate calculations for each run; an incremental 
calculation along the entire tube to provide the points for the 
production of the h vs. x plot; the sectional calculations to provide 
predicted heat transfer coefficients for each section of the experimental 
tube; and an average calculation, where appropriate, to predict the 
overall heat transfer coefficients for the entire tube. 
The procedure followed for the incremental calculation was to 
divide the tube into a number of small increments of constant change in 
quality (n = 50). For both local and average correlations, the calcula­
tion proceeded by applying each correlation to the conditions at each 
increment to predict the heat transfer coefficient there. Properties 
and wall temperatures were obtained from the experimental data and 
assumed to be constant over each of the four sections of the experimental 
condenser. This assumption seemed justified by the smooth curves 
which were obtained. The average quality was then calculated to provide 
h vs. X information from which a plot was obtained by fitting a smooth 
curve to these points. The smoothing technique was obtained from 
Reference [19j. This calculation produced an h vs. x plot for each run, 
showing the variation of predicted heat transfer coefficients with 
quality for each of the five correlations. 
The calculations of heat transfer coefficients for each section were 
performed differently for the average correlations than for the local 
ones. For the average correlations, each section was treated as an 
independent condenser. Inlet, outlet, and average conditions were 
obtained from the experimental data for each section, and the correlations 
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were applied to these conditions. These calculations provided a predic­
tion of the average sectional heat transfer coefficient. Plots of 
these values and the corresponding experimental sectional heat transfer 
coefficients at the average sectional quality were superimposed on the 
incremental plots for comparative purposes. 
For the calculation of sectional heat transfer coefficients by 
local correlations, each section was treated as approximating an 
infinitesimal element. Average sectional internal conditions, estimated 
from experimental data, were used as appropriate approximations to the 
local conditions. Since the experimental heat transfer coefficients 
were calculated in a similar manner, that is, the sectional average 
wall temperature and the saturation temperature corresponding to the 
average internal pressure were used in its evaluation, the calculated 
sectional heat transfer coefficients should have been valid predicters 
ox experimental results. 
Treating each section as a small element implied that the predicted 
heat transfer coefficients approximated a local heat transfer coefficient. 
The accuracy of this approximation was limited by the gross size of the 
Increment used for the calculation. An alternate approach would have 
been to divide the section into many small Increments and assume a 
pressure gradient and wall temperature distribution along the section. 
For each increment, a heat transfer coefficient could be calculated and 
then all such coefficients integrated over the section to obtain a 
true, predicted, average sectional heat transfer coefficient. However, 
since the experimental sectional heat transfer coefficients were not 
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averaged from local values, predicted sectional heat transfer coefficients 
calculated in this manner would not have been valid predictors of the 
experimental sectional heat transfer coefficients. 
Certainly, the experimental sectional heat transfer coefficient 
could have been calculated in a similar manner. Assumed distributions 
of internal pressure and wall temperatures could have been averaged 
to obtain values of saturation temperature and average wall temperatures 
with which to form the driving temperature difference. This temperature 
difference could then have been used in the calculation of experimental 
sectional heat transfer coefficients to which these predicted average 
sectional heat transfer coefficients could meaningfully be compared. 
The objection to this procedure was that the experimental heat transfer 
coefficients would then be functions of the assumed distributions and, 
hence, less general than desirable. 
The third calculation performed by the computer code was the 
calculation of the predicted overall heat transfer coefficients. Only 
the average correlations were used to predict the overall heat transfer 
coefficients since using the local correlations would have necessitated 
the assumptions of wall temperature and pressure distributions within 
the tube for each run and the averaging of heat transfer coefficients 
obtained for a number of approximately infinitesimal elements. 
This procedure would give rise to objections similar to those 
mentioned above concerning the comparison between the experimental 
sectional heat transfer coefficient and the predicted average section 
heat transfer coefficient. Furthermore, the local correlations were 
more appropriately checked using the sectional heat transfer coefficients. 
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To apply the average correlations, test condenser inlet, outlet, and 
average conditions were obtained from the experimental data. The 
correlations were then used with these conditions to obtain the predicted 
overall heat transfer coefficients. 
It will be noted that all of the calculations made use of 
experimental internal data as well as the general information required 
to carry out the predictions. In a sense, the use of this internal 
data predisposed the predictive methods to a correct heat transfer 
coefficient by providing experimental saturation pressures, quality 
changes and wall temperatures to the calculation procedure. Furthermore, 
some correlations attempt to account for local changes In these 
parameters implicitly or explicitly. For instance, techniques such as 
using experimental data to establish a value of a constant is a 
technique which may implicitly incorporate pressure drop effects. 
By providing this information to such correlations, these effects 
are accounted for twice. In order to avoid this predisposition, it would 
have been necessary to perform other calculations parallel to the calcula­
tion of the condensing heal; transfer coefficient. These further calcula­
tions would have been to obtain pressure drop, quality change, and wall 
temperature, and would have required the assumption of models and 
empirical correlations. These assumptions would have rendered the 
comparison of the predictive correlations with the experimental data 
much less informative and satisfactory because there would always 
be the question of whether the proper subsidiary assumptions were 
responsible for any error rather than the predicting correlation 
itself. As a consequence of this consideration, this technique was 
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rejected. 
The five selected correlations were written into the computer code 
and evaluated as specified by their respective authors. For the 
correlation of Boyko and Kruzhilin [6], the sectional and overall inlet 
and outlet qualities were required where appropriate, and all 
thermophysical properties were evaluated at the saturation temperature. 
For the correlation of Akers, Deans, and Grosser [7], inlet and 
outlet qualities were used. Thermophysical properties were evaluated at 
the average film temperature, that is: 
T + T  ^
„ w sat ,, 
The correlation of Rosson and Myers [8] required the evaluation of 
thermophysical properties at the saturation temperature and the use 
of the average sectional quality. The Martinelli two-phase friction 
multiplier was obtained as a function of the laminar-turbulent 
Martinelli parameter from a curve fit suggested by Collier [12]. 
The correlation of Traviss et al. [9] was applied using the 
average quality. Thermophysical properties ijere evaluated at the 
saturation temperature. The Martinelli two-phase friction multiplier 
was obtained as a function of the turbulent-turbulent Martinelli 
parameter from the curve fit of Soliman et al. [10] as suggested by 
the authors. 
Soliman and his co-workers [10] required that the average quality 
be used in their correlation. They also provided a curve fit to 
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obtain the Martinelli two-phase friction multiplier from the 
turbulent-turbulent Martinelli parameter. Thermophysical properties 
were evaluated at the saturation temperature. 
It was originally intended to present the plots of heat transfer 
coefficients versus quality as the means of comparison between 
predicted and experimental results and to evaluate the performance of 
the various correlations on this basis. However, as the number of 
experimental runs mounted, it soon became apparent that this 
would be impractical. Therefore, another means of comparison was 
required to present the large number of comparisons. A plot of 
predicted heat transfer coefficients versus the respective experimental 
heat transfer coefficients combined with a tabulation of appropriate 
standard deviations proved satisfactory for this purpose, and upon 
this basis an evaluation of the five representative correlations 
was made. For illustrative purposes a sample plot of heat transfer 
coefficient versus quality is presented in Figure 4. 
Presentation of data 
It was necessary to provide a method of presenting the experimental 
data which would facilitate qualitative and quantitative comparison 
between the augmented tubes and the smooth tube. This proved to be 
more difficult than expected. The major problem was experimental; 
experimental conditions could only rarely be duplicated because 
coolant inlet temperature and inlet ste%m conditions changed with 
time of day and year. This resulted in single valued non-repeatable 
data points, but, more importantly, inlet pressure and test fluid mass 
flow rates could not be duplicated for the various tubes. 
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A further -unavoidable problem was that the internal geometries of 
the various tubes produced different pressure losses and, hence, 
different average Internal pressures for each tube, even at the same 
inlet conditions. Therefore, average fluid pressure was eliminated as 
a common parameter. 
Consideration had been given to presenting the experimental data 
as the sectional heat transfer coefficients plotted versus a parameter, 
which would include sectional quantity as well as mass flux. The 
plotting parameter was not obvious, and, since attempts to find an 
appropriate one began to take on the attributes of a correlation, the 
attempt was abandoned. 
The method of presentation selected was to plot the overall heat 
transfer coefficient versus total mass flux with inlet pressure and 
tube number as parameters. Because of the large number of data 
obtained during this study, curves were fitted to the data for each 
tube at each inlet pressure. These curves were used in lieu of the 
points themselves to avoid rendering the plots illegible. The curves 
fitted to the data were of the form: 
h = C (4.4) 
and were fitted with a least-squares regression technique obtained from 
Reference [20]. In order to provide an assessment of the quality of 
the fit, the standard deviation of the calculated values of heat 
transfer coefficients on the experimental ones and the correlation 
coefficient for the curve were provided for each curve. 
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Tube Inclination 
The smooth tube experimental configuration was designed to 
be easily convertible to the configuration required to test the 
first augmentation scheme, inclination of the tube. Augmentation of in-
tube condensation was to be attempted by altering the angle of the 
smooth condenser tube. This simple expedient held the potential to 
be an inexpensive means of improving condenser performance. 
Introducing a significant component of gravitational force 
by inclining the tube in the direction of flow might promote the 
effective drainage of condensate, especially for stratified flow 
regimes. Inclination in the direction of flow would also reduce 
pressure losses. Inclining the tube in the opposite direction would 
introduce a gravitational force component in the direction opposite 
to the condensing flow. This would increase the relative velocities 
between phases and promote turbulence and interphase mixing by liquid 
entrainment. 
Thus, inclination of the tube in either direction frcs the 
horizontal was expected to augment the heat transfer. Naturally, both 
directions had their drawbacks. Inclination in the direction of 
flow would reduce the relative interfacial velocities, consequently 
reducing turbulence and, thus, reducing the augmentation effect. 
Inclination in the direction opposite to that of the flow would increase 
pressure losses. 
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Experimental Considerations 
Testing the horizontal smooth tube wna performed with the 
experimental equipment operated conventionally. Normal operating and 
test procedures as discussed in Appendix 4 were in effect. 
Tube #2, the smooth tube, served as the test condenser for 
the horizontal and inclined smooth tube experiments. The important 
geometric parameters of Tube #2 are reported in Appendix 7, and 
layout details are presented in Appendix 3. 
Testing of the inclined tubes required alteration of the basic 
geometry of the experimental equipment. The test condenser support 
frame was designed to pivot at the test fluid exit end of the test 
condenser. The test fluid inlet end of the test condenser was 
disconnected from the test fluid inlet line and from the coolant 
exit line. The test fluid inlet end of the test condenser support 
frame was then free to move up or down. The angular inclination 
of the test condenser support frame was adjusted by means of a screw 
jack operating through the linkages which served as braces for the 
support frame. 
After having adjusted the support frame to achieve the desired 
inclination of the test condenser, the test condenser was reattached 
to the test fluid inlet line and the coolant exit line. Specially 
fabricated extensions were provided to accommodate the altered 
geometry. 
The smooth tube was tested at angles of ±10.0* from the horizontal. 
Since the test condenser pivoted about the test fluid exit end, an 
angle of -10.0* placed the test fluid inlet lower than the outlet. 
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The other inclination tested, +10.0°, had the test fluid inlet 
higher than its oulet. Figure 29 is a photograph of the experimental 
equipment configured to test the smooth tube at an angle of +10.0°. 
Results and Discussion: Horizontal Tube 
Experimental results 
The horizontal smooth tube experiments produced fifty-seven runs 
for five inlet pressures: 41.5, 51.5, 61.5, 71.5. and 81.5 psia. The 
reduced experimental data are tabulated in Appendix 11. 
Computer generated plots of wall temperatures, test fluid pressure, 
heat flux, and heat transfer coefficients were prepared to monitor 
each run. Figure 5 is a sample of these plots. Test fluid pressure 
decreased along the tube, but there was usually a small increase in 
pressure near the condenser exit due to momentum recovery. The 
extent of momentum recovery was a function of total test fluid mass 
flux and was on the order of ten percent of the total pressure loss. 
Sectional heat fluxes were rather high, as was to be expected, 
and problems were encountered with subcooled boiling of the test 
condenser coolant. Appendix 4 discusses this problem more fully. 
g iiCC&L. ±. JLL&ACO WC&C CkU.X.XC.4. w ww 
condenser. 
Sectional heat transfer coefficients generally decreased with 
decreasing quality. The exception often was the coefficient for the 
section nearest the test fluid inlet. Here the heat transfer 
coefficient was occasionally lower than that of the next section. This 
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may have been due to superheat effects, but entrainment and other film 
stability considerations may have been responsible for raising 
the heat transfer coefficient of the second section to a value higher 
than would have been expected. 
Figure 6 presents the data for the horizontal smooth tube. In 
addition to the straight lines fitted to each set of data, the data 
points have also been included on this figure for illustrative purposes. 
The values of the constant, C, and the exponent, n, for Equation (4.4), 
as well as the standard deviation of the data points from the line 
and the correlation coefficients are tabulated in Table A7.2. 
Figure 6 demonstrates the marked parametric effect of pressure: 
the lower the pressure the higher the heat transfer coefficient at a 
given mass flux. This is understandable since the heat transfer 
coefficient would be expected to vary as the vapor velocity, and for 
a given quality the vapor velocity varies directly as the vapor density. 
Consequently the heat transfer coefficient would be expected to be 
higher at a lower pressure, other things being equal. For the conditions 
associated with Figure 6 the range of pressures tested yielded a 
factor of two change in vapor densities with a consequent change in 
heat transfer coefficient. From the figure it can be observed 
that a change in pressure from 81.5 psia to 41.5 psia raises the average 
heat transfer coefficient by about thirty percent. 
The curves fitted to the experimental points also served as the 
standards to which the performances of the augmented tubes were compared. 
This comparison is discussed in Chapter 8. 
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Flow reRlinc résulta 
The observations of the test fluid flow regime at the test condenser 
outlet for the smooth tube are tabulated in Table All.5 together with 
pertinant experimental data. The flow regime descriptions are presented 
in Appendix 4. An examination of Table All.5 indicates that the 
majority of the observed flow regimes were of an annular nature, but 
other regimes were observed as well. 
In addition to the observations, flow regime mapping vas attempted. 
Each run produced flow regime data from each of the four test 
condenser sections. Figure 7 presents these flow regime data on a 
transformed Baker Map. Bearing in mind the imprecision of the flow regime 
boundaries, the data can be characterized as mainly slug, annular, and 
annular with mist (annular with significant entrainment). 
Quality is higher for the points nearer the top of the plot and 
roughly decreases down the page. Therefore, the lowest points are 
those measured at the test condenser exit and thus should correspond 
with the reported flow regime observed in the exit sight glass. This 
has been, confirmed by plotting just those points on the same coordinates. 
Using Table All.5 with this figure, it can be seen that there is rough 
agreement between the observations and the map. The conclusions drawn 
from this map are reasonable and consistent with expected results. The 
map cannot lay claim to absolute veracity, but it demonstrates approximate 
agreement with the observed flow regimes. 
Date from each section for each horizontal smooth tube run were 
checked for entrainment by the correlation of Wallis [18]. The 
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vapor velocities for every run for the three higher quality sections 
always exceeded the critical entraiiuaent velocity predicted by this 
correlation. Furthermore, the exit vapor velocity occasionally 
exceeded the critical velocity as well, thus agreeing with visual 
observations. This result is not in complete agreement with the Baker 
Map, but entrainment clearly was a characteristic of the experimental 
system. 
In conclusion, the flow regime results of the horizontal smooth 
tube experiments suggested that the principle flow regimes for the 
in-tube condensation of steam under the conditions reported here were 
of the annular type. This result further suggested that selected 
heat transfer correlations were appropriate since four of the five, 
implicitly or explicitly, embodied an assumption of annular flow. Only 
the correlation of Rosson and Myers [8] did not. 
Comparison of correlations 
Calculations as outlined in this chapter were performed for 
each valid set of smooth tube data. Results of the calculations for 
each of the five correlations tested are presented in Table A7.3 in 
statistical form. Table A7.3 supplies the standard deviation of the 
calculated heat transfer coefficients on the experimental values for the 
sectional calculation and the overall calculation, where appropriate, 
for each correlation. Figures 8-14 present the plots of calculated 
heat transfer coefficients versus the experimental heat transfer coeffi­
cients for the correlations. 
These calculations demonstrated that the correlations of Akers et al. 
[7] and Soliman et al. [10] were acceptable predictors of the experimental 
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results. The correlations of Boyko and Kruzhilin [6], Rosson and Myers 
[8], and Traviss et al. [9] were shown to be disappointing in this 
regard. 
The correlation of Boyko and Kruzhilin [6] substantially over-pre­
dicted both the experimental sectional and the experimental overall heat 
transfer coefficients (see Figures 8 and 9 and Table A7.3). This was 
unfortunate because water was the experimental fluid for this study. 
However, it is possible that this poor agreement is attributable to 
large differences between the saturation pressures of the data upon 
which this correlation was based and the saturation pressures observed 
during the present study. Table 4.1 illustrates that the experimental 
data upon which this correlation was based were generally much closer 
to the critical point than the present data and that the extremes of 
range of the density ratios differ by 400 percent. It should be 
noted that approximately 80 percent of the Boyko data were high pressure 
(and low density ratio) data. 
This difference in proximity to the critical point has important 
ramifications for two-phase flows. Because the specific volume of 
the vapor phase is very such greater at lover pressures than at 
high pressures, the vapor velocity and void fraction (a function of the 
density ratio) for low pressure systems can be expected to be 
very much different than those for a similar high pressure system. 
These differences also imply substantial differences in the flow regime. 
Hence, it is not unreasonable to suspect that the fluid dynamics and, 
consequently, the heat transfer might be substantially different for 
systems at high pressures than for those at lower pressures. 
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TABLE 4.1 
COMPARISON OF PRESSURE LEVELS FOR THE SELECTED CORRELATIONS 
INVESTIGATORS RANGE OF DENSITY RATIOS REDUCED PRESSURE 
P P/Pc 
c^rit 
Boyko and Kruzhilin [6] 1.5 - 140 0.056 - 0.40 
Akers, Deans and 
CrosscîT [7] 2.0 — 11 0.44 — '^ 'l.O 
Rosson and Myers [8] 660 - 680 0.013 - 0.22 
Traviss et al. [9] 14 - 34 0.17 - 0.37 
Soliman et al. [10] 1.0 - 1600 0.0047 - 0.44 
Present Study 250 - 600 0.013 - 0.031 
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These considerations suggest that applying the Boyko and Kruzhilin 
[6] correlation to the data produced by this effort is an insupportable 
extrapolation to pressures lower than the range of applicability of 
this correlation. It should be further noted that some of the Boyko 
data were obtained for rather low inlet qualities. 
The correlation of Akers, Deans, and Grosser [7] proved more 
satisfactory (see Figures 10 and 11). The correlation predicted 
sectional values within ±30 percent for about 60 percent of the data 
and the overall values within ±15 percent for most of the data, though 
the correlation tends to over-predict slightly. 
The correlation of Rosson and Myers [8] was a poor predictor of 
experimental results,. Figure 12. Generally, it over-predicted the 
experimental sectional results except under conditions of low mass 
fluxes and high pressures. This, too, was unfortunate because this 
correlation was the only one that attempted to account for stratification. 
Further, the range of reduced pressure was comparable to that of the 
data obtained for this study, that is, low reduced pressures. 
It appears that most of the data of Rosson and Myers [8] was obtained 
for very low inlet qualities to insure stratified or film flow through 
the test condenser. The change in quality through the test condenser 
was typically three percent in order to maintain the film flow. These 
conditions seem to suggest that this correlation was based only on 
film flow data. At low pressures, film flow represents a very small 
percentage of the condensing length. Indeed, visual observation and 
flow regime mapping of the experimental data obtained during this 
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effort demonstrated that the great majority of experimental points was 
well out of the film flow regime. This suggested that the Rosson and 
Myers [8] correlation may be restricted to a small range of flow regimes 
and that applying it to condensing systems achieving large quality 
changes and/or at low pressures cannot be expected to result in a 
valid prediction of performance. Therefore, it was not surprising that 
this correlation over-predicted to an unacceptable extent. 
The correlation of Traviss et al. [9] also over-predicted the 
experimental data. Figure 13. For most data points, this correlation 
over-predicted them by more than 30 percent. As can be seen in 
Table 4.1 the data base for this correlation was obtained at a 
reduced pressure approximately one order of magnitude higher than 
the experimental data of this study. Thus, the argument advanced 
to explain the over-prediction of the Boyko and Kruzhilin [6] correlation 
applies here. Therefore, it is possible that the correlation of 
Traviss et al. [9] over-predicted the experimental results because 
the correlation was applied well out of its range of applicability. 
The correlation of Soliman, Schuster, and Berenson [10] proved to be 
the best predictor of local correlations investigated. Figure 14. 
As with the Akers et al. [7] correlation, the scatter is fairly large, 
+30 percent for about 60 percent of the data, but the scatter is more or 
less evenly distributed about the correct values. This agreement with 
experiment is probably attributable to the large and varied data base 
of this correlation which included the low pressure steam data of 
Goodykoontz and Dorsch [21j. 
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The results of this exercise demonstrated that none of the 
correlations investigated proved to be a really excellent predictor 
of the experimental results. However, two of the five correlations 
tested were satisfactory predictors of the experimental results, 
given the scatter which is the rule in two-phase systems, and plausible 
reasons existed for the failure of the others to do the same. No 
doubt, if other correlations had been chosen, some would have 
proved satisfactory predictors of the experimental data and others 
would have not. Limited resources precluded comprehensive testing, 
but those correlations tested were judged to be the most appropriate of 
those listed in Table Al.l. 
Nevertheless, it was considered that the two different, reasonably 
successful correlations demonstrated that the experimental apparatus 
was capable of producing experimental results consistent with those 
of other investigators. These experimental results could then be used 
with seme confidence as the base case for the remainder of this study. 
Furthermore, this exercise suggested that the correlation of Akers, 
Deans, and Grosser [7] could provide a starting point from which to develop 
an effective predictor of sectional and overall heat transfer coefficients 
for augmented in-tube condensation. 
The effectiveness of the correlation of Soliman, Schuster, and 
Berenson [10] also provided another foundation for the prediction of the 
sectional augmented condensation heat transfer coefficients. The 
success of this correlation also demonstrated that the individual 
sections of the test condenser were fairly good approximations to true 
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Infinitesimal increments and the experimental sectional heat transfer 
coefficients obtained from these sections approximated true local heat 
transfer coefficients. 
Results and Discussion: Inclined Tube 
The inclined tube produced 25 experimental runs at +10.0° 
and 26 runs at -10.0°. The inclined tube runs were obtained for three 
inlet pressures, 41.5, 51.5 and 71.5 psia. The general comments 
mentioned with respect to the horizontal tube apply to the inclined 
tubes as well- A flow regime analysis of the inclined tubes was not 
undertaken because there was no assurance that the mapping procedures 
used for the horizontal tube were appropriate for inclined tubes. 
The reduced data are presented in Figures 15-17 as straight 
omitted for legibility, but they are tabulated in Appendix 11. The 
pertinent statistical properties of the curve fit are presented 
in Table A7.2 
An examination of the figures reveals a parametric effect of pres­
sure as with the horizontal tube. The trend is for decreasing heat 
transfer coefficients with increasing pressures. The figures also 
demonstrate that the augmentation effects of tube inclination are no 
greater than approximately 10 percent. Since the experimental 
uncertainty of the experimental data is of approximately the same 
order, no attempt was made to model the effect of condenser inclination 
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on heat transfer performance because such a model could not be 
meaningfully tested. 
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CHAPTER 5. 
THE TWISTED TAPES 
Introduction 
The twisted-tape insert has long been a successful means to augment 
heat transfer in laminar and turbulent single-phase flows. In turbulent 
single-phase flow, the heat transfer coefficient can be improved by 
about 100 percent when a full length twisted tape is inserted in a tube. 
There has been considerable interest in the use of twisted tapes 
in tubes to improve the performance of boiling systems. In this case, 
the motivation has been to raise the critical heat flux or improve the 
heat transfer coefficient for dispersed flow film boiling. In contrast 
to extensive experiments with twisted tapes in boiling systems, there 
does not appear to have been an attempt to investigate the performance 
of twisted tapes in condensing systems» 
This impression and the anticipation that the twisted tape would 
improve condensation heat transfer coefficients, prompted the decision 
to test twisted tapes as a condensation augmentation technique. The 
objectives of the twisted-tape test program were to determine the 
extent of heat transfer augmentation and to predict the expected 
improved heat transfer performance. 
Background 
There have been a number of investigations into the effect of 
twisted tapes on heat transfer. In 1967, Lopina and Bergles listed 16 
experimental investigations which had preceded their work [22,23], the 
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first of which was in 1924. 
In 1960, Gambill and his co-workers [24] published the results of 
their experiments with full-length twisted tapes in both single and 
two-phase flows. They provided a correlation to predict heat transfer 
coefficients and friction factors for non-boiling flows. The non-
boiling heat transfer coefficient correlation was obtained by modifying 
a smooth tube Reynolds analogy type equation to include the effects 
of radial acceleration and enhanced buoyancy forces due to the twisted 
tape. 
Smithberg and Landis considered single-phase flow in tubes with 
twisted tapes, and presented the results of their analytic and 
experimental investigations in 1964 [25,26]. They clarified the fluid 
dynamics of flow around a twisted tape and they provided heat transfer 
coefficient and friction factor predictive methods. They argued that 
the improvement in heat transfer was the result of enhanced mixing 
of fluid near the tube wall with that of the core. Their heat transfer 
correlation reflected this view. 
Lopina and Bergles considered both single phase and subcooled 
nucleate boiling flcxj through tubes equipped tsrith tijisted tapes [22,23]. 
They suggested that twisted tapes augmented heat transfer by several 
independent mechanisms. They also suggested that due consideration 
of tangential velocities, tape fin effects, and buoyancy effects were 
necessary, and developed their single-phase heat transfer correlation 
accordingly. 
In 1969, Narasimhaaiurty and Vara Prasad presented a study of 
73 
twisted tapes in two-phase flow [27]. They studied flow regime and 
pressure drop for adiabatic air-water flow in tubes with twisted tapes, 
and they predicted pressure drop by modifying the two-phase parameters of 
Lockhart and Martinelli. These were modified by including the 
single-phase twisted tape friction factor results reported by 
Smithberg and Landis. 
These studies of single-phase and two-phase flows suggested that 
there are several features possessed by twisted tapes which might 
markedly improve in-tube condensation heat transfer coefficients. The 
rotation induced by the twisted tape could be expected to promote 
annular flow. With such a flow regime, the induced tangential com­
ponent of vapor velocity would contribute to interfacial shear. 
Increased interfacial shear would increase condensate film turbulence 
which would contribute to an increase in the heat transfer coefficient. 
Tangential velocities induced in the condensate film would have the 
same effect and would also contribute to the symmetry of the annulus. 
In addition, if the twisted tape were a thermal conductor and in good 
thermal contact with the tube wall, as would be the case with a 
factory installed tape, it would also add active heat transfer area 
to the tube, resulting in an increase in the apparent heat transfer 
coefficient. 
Not the least of the attractive features of twisted tapes are their 
light weight and ease of fabrication. In addition, a loose-fitting 
twisted tape can easily be installed in tubes and might be easily 
retrofitted to existing in-tube condensers. 
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There are, of course, several features of twisted tapes which might 
offset expected improvements in heat transfer. The vortex induced 
by the twisted tape might centrifuge out of the vapor core any 
entrained liquid droplets, thus contributing to the liquid layer on 
the wall - the primary thermal resistance in in-tube condensation 
systems. The extra surface area added to the wetted perimeter of the 
tube would increase the pressure drop through the condenser. The 
expense of overcoming this large increase in. pressure drop might more 
than offset any economic advantage resulting from the improvement in 
heat transfer coefficient and, thus, render the twisted-tape installation 
counterproductive. 
There were also reasons to suspect that the twisted tape would not 
perform as well in two-phase flows as in single-phase flows. In 
single-phase systems equipped with twisted tapes, a major reason for 
the improved heat transfer performance is the enhancement of mixing 
between the fluid near the wall and the fluid in the core. In a 
condensing systems, mixing would be suppressed since the centrifugal 
force stabilizes the annular separated flow. In addition, the 
secondary circulation would be stabilized due to density variation, in 
a manner similar to that occurring with heat transfer to an upward 
facing cold plate. 
These drawbacks were expected to be of varying importance, but none 
were expected to be very severe. Certainly none were expected to 
dominate the favorable features of twisted tapes. 
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Analytical Considerations 
An atten^ t was made to model the effects of a twisted tape on the 
In-tube condensation process. The objective of this analysis was to 
provide appropriate modifications to smooth in-tube condensation 
correlations to enable the modified correlations to successfully 
predict the anticipated Improved heat transfer coefficients. 
The methodology of this analysis was first to identify those 
twisted-tape effects which contributed to the augmentation of single-
phase heat transfer. Next, these effects were examined for their 
importance in a condensing system. Those of promise were then 
modelled in such a way as to make them compatible with those In-tube 
condensation correlations which had been found suitable for the 
smooth tube. 
Geometry effects 
Quite clearly, the insertion of a twisted tape into the in-tube 
condensation process radically alters the basic geometric parameters. 
The reduction of the cross-sectional area of flow is small for thin 
tapes such as those under consideration here, but the addition to the 
wetted Siirface area is quite large. The rslatzve changes of these 
geometric parameters can be characterized by the equivalent diameter. 
For twisted tapes Inserted into round tubes, the equivalent diameter is 
TT d ^  
e^ ^  TTd. + 2d,-26 
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The substitution of the equivalent diameter for the nominal 
diameter would adjust most calculations for these geometrical changes. 
Hence, the equivalent diameter was used, where appropriate, as a 
modification to the smooth tube correlations tested here. 
Fin effects 
A twisted tape in contact with the tube wall increases the 
active heat transfer surface because the tape behaves as a fin. Therer 
fore, a correction factor can be derived to predict the extent of heat 
transfer augmentation due to the fin effect of the tape.. 
The twisted tape is assumed to be in good thermal contact with 
the tube wall, and the wall is assumed to be a thermally thin and good 
conductor. These tube wall assumptions lead to the conclusion that 
the temperature at base of the twisted tape approximates that of 
the wall far from the fin. Thus, with the twisted tape base temperature 
approximately equal to that of the wall, the twisted tape can be 
modelled as a longitudinal fin of rectangular profile. Assuming the 
fin to have a length of half the tube inside diameter and to have an 
insulated tip, the equation for fin effectiveness can easily be 
obtained [28]: 
2 tanh (m t /2) 
w 
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The total heat transferred per unit length of the tube is the sum 
of the heat transferred at the unflnned wall, plus the heat transferred 
through the two fins: 
= 2qj = 
w^ ère 
% = I. \ . V 
qj = n L dj he (I^f - y 
Defining the fin effect correction factor F, as the ratio of total 
heat transfer to the heat transfer to be expected without the fin 
effect results in 
F, ÎÎ (5.4) 
•1 w di 1 he - I„) 
that is 
r r-ir  ^4. r> 1 
T? - ' "1 —W ' —i •' ' (5.5) 
1 n d. 
or 
? !  - 1  
Therefore, by multiplying the smooth 
condensation heat transfer coefficient by 
tube value of the in-tube 
the result can be 
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corrected for twisted tape conduction effects. 
Wall shear effects 
The addition of significant wetted surface to that of the smooth 
tube increases the total wall shear and, hence, the friction factor. 
To predict twisted tape heat transfer coefficients, those smooth 
tube correlations requiring the explicit inclusion of a friction factor, 
must be supplied with the proper twisted tape friction factor. 
Lopina and Bergles presented a friction factor correction factor 
in their paper [22]. This correction factor was a ratio between the 
twisted tape friction factor and the smooth tube friction factor: 
Fz = = 2.75 (5.7) 
smooth 
where y is the ratio of tape pitch to tube inner diameter. Incorporation 
of this correction factor, where appropriate, would serve to adjust 
those correlations so requiring it to the increased friction factor 
due to the twisted tape. 
Tangential velocity effects 
The twisted tape induces a tangential component of velocity 
which would be a function of radius. This velocity component, when 
added vectorially to the axial velocity, yields the increased velocity 
due to the twisted tape at a given radius. This is the velocity necessary 
to maintain the same mass flow rate as the empty tube through the longer 
spiral flow path created by the tape. 
79 
The tangential velocity component is 
TT r 
"tan ""a 2y (5.8) 
and the magnitude of the resultant velocity is given by 
/ 2 ^  2\ 1/2 
« "a +°taa) (5.9) 
substituting Equation (5.8) into Equation (5.9) then yields 
(5.10) 
Since the interfacial shear stress is a function of the velocity near 
the interface, and, since the interfacial shear is of primary importance 
to the heat transfer process, it is reasonable to conclude that the 
vapor velocity should be evaluated at the radius of the interface. 
However, it is suggested that equation (5.10) be evaluated at the 
tube inside diameter. There are two reasons for this suggestion. The 
evaluation of Equation (5.10) at the interfacial radius vc-ald require 
the assumption of the flow regime, probably annular flow, and a 
knowledge of local quality. From the quality and from the flow regime 
assumption, the condensate thickness could be calculated and subtracted 
from the tube inside diameter to obtain the interfacial radius. This is 
laborious process and would lead to a local value of the total velocity. 
For use with average correlations, these local values would then 
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have to be averaged. Considering the flow regime assumption and its 
implied assumption of a smooth interface - and the interface would not 
be very likely to be smooth - this technique may not represent the 
physics very accurately. 
Furthermore, the effect of the twisted tape on the liquid film has 
not been discussed. While this in effect was expected to be small, it 
would tend to augment the heat transfer. By evaluating the total 
velocity at the wall rather than at the interface, the effect would 
be somewhat over—predicted; this over-prediction would somewhat 
offset the neglect of the condensate film effects which improve heat 
transfer. 
Therefore, to simplify the computation without sacrificing 
too much accuracy. Equation (5.10) was evaluated at the tube inside 
radius, resulting in the following definition: 
F3 - - 2? ( (i'l: 
Since characterizes the tangential velocity effect of the 
twisted tape most important to the heat transfer process, it seens 
reasonable to apply this correction factor to the Reynolds number of 
interest to a particular correlation. 
Summary of twisted tape effects 
Four suggestions for modelling the heat transfer effects of 
twisted tapes on in-tube condensation have been considered above. It is 
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recommended that these suggestions be used as modifications to smooth 
In-tube condensation correlations to predict in-tube condensation 
heat transfer coefficients for tubes with twisted-tape inserts. The 
modifications are summarized as follows: 
1. The substitution of the equivalent diameter for the 
nominal diameter. Equation (5.1). 
2. The multiplication of the single-phase friction factor, 
where required, by the friction factor correction 
factor. Equation (5.6). 
3. The multiplication of velocity or Reynolds number terms 
by F^ » the tangential velocity correction factor* Equation (5.11). 
4. The multiplication of the resultant heat transfer 
coefficient by the fin effect correction factor, F^ , 
Equation (5.6). 
Experimental Considerations 
To test the effects of twisted tapes upon in-tube condensation, 
two twisted tapes of different pitch were fabricated and used within 
Tube #2 to form Tube #3 and Tube #4. 
The twisted tapes were fabricated from 36 in. long strips of 
stainless steel. These strips were sheared from sheet stock and 
then ground down to the required width. Five strips were hell-arc 
welded together to form each tape. The weld joints were then ground 
smooth. 
The tape was then clamped to a yoke fabricated for this purpose and 
hoisted to the vertical position in the laboratory's high bay. Another 
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specially fabricated clang) was attached to the free end of the tape and 
200 Ibm of cast iron weights were chained to the lower clamp. After 
securing the end of the yoke, the tape was twisted by rotating the lower 
clamp. The twisting proceeded until the desired pitch had been obtained. 
The test condenser exit sight glass was of slightly smaller 
diameter than that of the test condenser. Therefore, a sixth strip 
was fabricated to fit the exit sight glass. Because this strip was 
of narrower width than the rest of the tape, it could not be twisted 
as an integral part of the entire tape since the narrower tape 
would twist more tightly than the wider section. Therefore, the strip 
was mounted and twisted separately to the same pitch as the remainder. 
It was then welded to the wider tape. 
With the technique described here, the maximum number of turns 
sustainable by the tape was limited. If the number of turns exceeded 
this liîuit, the material at the edges of the tape could not support 
the induced tensile stresses. Then the tape would collapse locally 
into a tightly wound cylinder. The tape in Tubs #3 was twisted to this 
limit, and represents the smallest pitch obtainable with this technique 
for tapes of the geometry and material discussed here. The specifications 
of the tapes are listed in Table 5.1. 
After having fabricated the tape, it was installed in the smooth 
tube which remained installed on the experimental equipment. The end 
fittings were removed, and a wire was run through the tube. The 
wire was hooked to the tape, and the tape then was pulled through 
the tube by this means. Liquid soap was used as a lubricant. 
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TABLE 5.1 
TWISTED TAPE SPECIFICATIONS 
Material Stainless Steel 
Width 0.527 ± 0.001 in. 
Thickness 0.0149 in. 
Normal Tube I.D. 0.545 in. 
Equivalent Diameter 0.337 in. 
Radial Clearance 0.009 in. 
Pitch Tube #3- 1.8 in./180° twist 
y = 3.3 
Tube #4 3.8 in./ISO® twist 
y = 7.0 
Note: All dimensions as twisted 
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When the tape was in place, the narrower section of tape at the 
test fluid exit from the test condenser was carefully inserted through 
the exit sight glass and the sight glass was remounted. The end 
fittings then were installed. 
This installation procedure was selected because of its ease. 
However, the tape dimensions used to obtain this ease of installation 
did not guarantee the good thermal contact between the tube and the 
tape necessary to avoid introducing an indeterminate thermal resistance 
between these two. This thermal resistance would reduce the fin 
effect augmentation of the twisted tape. It should be noted that 
in spite of the clearance between the tube and tape, there would be 
intermittent contact. 
For the experiments described here, the use of a non-thermally 
conducting material would have avoided this problem because, then, 
for fabrication into twisted tapes were available, however. Therefore, 
stainless steel was selected as the tape material because of its 
relatively low thermal conductivity. The tape was cut from the 
thinnest stock available to minimize the thermal cross section of the 
fin. These measures served to minimize the fin effect of the tape. 
It was desirable to minimize the tape fin effect, so that any errors, 
due to poor thermal contact, introduced into calculations to predict 
it, would be errors in a small term in the overall heat transfer 
equation. However, in practice, if the tapes were factory installed, 
it would be desirable to use a high conductivity tape in good thermal 
contact with the tube wall. 
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It should he also noted that upon completion of the experiments 
with Tube #3 (twisted-tape #1), the tape was extracted from the tube 
and twisted-tape #2 inserted into the same tube to form Tube #4. The 
insertion and extraction of these tapes caused some scratches on the 
inside of the tube. Fortunately, the scratches could not be observed 
with the naked eye so the magnitude of the roughening was small, and 
the augmentation effect was judged to be insignificant. These 
tubes were tested in the horizontal position only, on the experimental 
equipment constructed for this effort. Standard operating procedures 
were used as described in Appendix 4. 
Results and Discussion 
Experimental results 
The experimental investigation of Tube #3 yielded 35 valid 
axparimsntal runs and that of Tube r/4 yielded 42 runs. Each tube 
was tested over a range of mass flow rates and at five inlet pressures: 
41.5, 51.5, 61.5; 71.5s and 81.5 psia. 
The reduced data from these runs are tabulated in Appendix 11. 
Plots of overall average heat transfer coefficient versus mass flux 
with inlet pressure as a parameter were prepared from these data as 
described in Chapter 4. The values of C and n obtained for Equation (4.4), 
the standard deviations of the calculated points from the experimental 
points, and the correlation coefficients for these curves are listed in 
Table A7.2. The curves themselves appear on the composite plots of 
similar curves for all tubes (Figures 18-22). 
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Qualitatively, there was little to distinguish this set of 
experiments from those with the smooth tube. Indeed, it would be 
difficult to distinguish between the respective sets of computer 
generated plots prepared to monitor each run. As with the smooth tube, 
there was a marked stratification of data points with inlet pressure. 
Correlation results 
The modifications suggested in this chapter to correlate the 
influence of twisted tapes were applied to the two correlations which 
satisfactorily predicted the smooth tube data; the correlations of 
Akers et al. [7] and Soliman et al. [10]. These modified correlations 
were used to predict the overall and sectional heat transfer coefficients. 
The modified correlations were applied in the analogous manner as when 
applied to the smooth tube as described in Chapter 4. The results, were 
then conçared to the respective experimental data. 
These comparisons are presented as plots of calculated heat transfer 
coefficients versus experimental heat transfer coefficients. Figures 
23 and 24 present the sectional results using the correlation of 
Soliman et al. [10]. Figures 25 and 27 present the sectional results for 
the correlation cf Akers et al. [7] and Figures 26 and 28 present the 
overall results for this same correlation. In addition. Table A7.3 
includes the standard deviations for these plots. 
These two correlations performed reasonably well as predictors of 
the experimental data, although they predicted the data for the less 
tightly spiralled tape. Tube #4, better than the data of Tube #3. For 
both tapes, most sectional data points were predicted with errors of 
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thirty percent or less. The overall data were all predicted with 
errors of less than thirty percent. Therefore, it seems reasonable to 
conclude that these modified correlations, specifically, and the 
suggested modifications, in general, are successful predictors of the heat 
transfer performance for in-tube condensation inside tubes containing 
twisted-tape inserts under conditions similar to those tested here. 
The four suggested modifications differed in importance. Because 
the tape pitches were fairly large, the tangential velocity correction 
factor, Fg, was rather small, accounting for less than five percent 
of the calculated increase in heat transfer coefficient. The fin 
effect correction factor, F^ , was also small, because the tape was 
of small thickness and low thermal conductivity. 
Most of the calculated increase was due to the use of the 
equivalent diameter in both equations. For the modifications to the 
equation of Soliman et al. [10], the friction factor correction factor, 
F^ , was required. This correction factor accounted for approximately 
ten percent of the calculated increase in heat transfer coefficient. 
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CHAPTER 6. 
. THE FINNED TUBES 
.Introduction 
Tubes with internal, longitudinal fins have long been established 
as a technique to improve heat transfer performance in single-phase 
systems. Increases in single-phase heat transfer coefficients on the 
order of 100 percent have often been reported. Such improvements 
have encouraged manufacturers to develop methods for producing these 
tubes and promoting their use. This widespread success with single-
phase flow, as well as limited success in evaporation and condensation, 
has made internally-finned tubes a logical candidate for the 
augmentation of in-tube condensation. 
The anticipation of large increases in condensation heat transfer 
coefficients prompted the decision to test internally finned tubes, 
The objectives of the finned tube test program were to determine the 
extent of heat transfer augmentation and to predict the anticipated 
performance improvements. 
Background 
Single-phase investigations 
Extended surface heat transfer has a long history. Brouillette 
et al. [29] suggest that the industrial use of extended surfaces is 
almost a century old. By far, most uses of extended surface tubes 
have been in single-phase systems. Consequently, most of the 
extensive literature concerning extended surfaces deals with the 
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augmentation of single-phase flows. 
Intemally-finned tubes are a class of extended surface, and 
they, too, have been studied extensively in single-phase service. 
However, research interest in internally-finned tubes is of more recent 
origin, there having been little previous industrial interest in 
internally-finned tubes because of manufacturing difficulties. 
Earlier intemally-finned tubes were generally fabricated by 
machining the inside of the tube to produce a conventional screwthread, 
but during the sixties, seamless, homogeneous, longitudinally-finned 
tubes became available on a mass-produced basis. Such tubes were 
investigated by a number of researchers. 
Hilding and Coogan were among the first to test tubes with internal 
longitudinal fins [30]. Their tubes were custom fabricated by 
brazing fins inside of smooth tubes. They tested a number of tubes 
with air as the heat transfer medium and found improvements in the 
Nusselt numbers as large as 170 percent. 
Bergles et al. [31,32] tested seven different seamless, homogeneous 
tubes with internal longitudinal fins, some of which had spiralled fins. 
They reported complex geometry effects and speculated on the importance 
of interfin stagnation. 
Watkinson and his co-workers [33] tested seventeen tubes 
similar to those tested by Bergles. They provided semi-empirical 
correlations for friction factors and heat transfer coefficients. The 
heat transfer coefficients for their five straight finned tubes 
were correlated by 
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,  0 . 6 ,  .  0.34 1/3 / , \0.14 
h = 0.212 ( h) Pr (y (6.1) 
The heat transfer coefficients for the spiral fin tubes were correlated 
by 
It should be noted that the characteristic geometric fin parameter 
used in these correlations was 
e 
Contemporary with the American interest in this topic was an 
extensive interest by the Soviets. A number of papers on this subject 
have appeared from Russian sources [34-38]. Many of them were concerned 
with reheater applications for finned tubes. 
Of particular interest are two papers by Vasil'chenko and 
Barbaritskaya [39,40]. They provided the following heat transfer 
correlation for single-phase turbulent flow: 
Nu, - C, Pr»-" (1^ )°-" (6.3) 
where is a function of Prandtl number and a fin characteristic, 
defined by 
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e 
where 
Another particularly interesting Soviet investigation was that 
carried out by Omatskii and his co-workers [41,42]. They, investigated 
the velocity distribution in the interfin channel. They then 
produced a semi-empirical correlation for single-phase heat transfer 
from finned tubes: 
h w + h,2 + hfô 
w y f 5 
h = (6.4) 
1+ £ + Ô 
•srhsra the heat transfer coefficient at the tube wall between the fins 
(6.5) 
the heat transfer coefficient at the fin, h^  is 
(6 .6 )  
the heat transfer coefficient at the fin tip, h~, is 
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h = 0.021 ^  Re Pr (6.7) Û O X 
o 
In these expressions 
= equivalent diameter of interfin channel 
d^  = equivalent diameter of main flow channel 
m , = 1.22 
ch 
This investigation demonstrated the importance of interfin stagnation 
and the consequent non-uniform heat transfer coefficient over the fin 
and tube wall. 
Two-phase investigations 
In spite of its relative neglect, there have been some investiga­
tions of fins in two-phase flows. Soumerai [43] measured the pressure 
drop of boiling refrigerant in a horizontal intemally-finned annulus. 
He suggested that the homogeneous flow model was valid for annulii 
of small hydraulic diameter. He presented no heat transfer results. 
Nishikawa et al. [44] investigated the flow characteristics 
of air-water mixtures flowing upward through tubes with internal 
circumferential fins. They presented no heat transfer results. 
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Prince also considered tubes with internal circumferential 
fins [45]. He condensed brine within them as pnrt of nn nttempt to 
develop an efficient surface for desalination. Details of his 
experiments are tabulated in Appendices 1 and 2. 
Recently, Vrable et al. [46-48] published a study of the condensation 
of a refrigerant inside tubes with internal longitudinal fins. He 
condensed Refrigerant-12 inside two horizontal tubes. The tube 
dimensions are listed in Table A7.1. Inlet reduced pressures for 
these tests varied from 0.18 to 0.46. Mass fluxes varied from 
2 64,000 to 628,000 Ibm/hr ft . Vrable produced twenty-six experimental 
runs with intemally-finned tubes. He correlated these data by 
modifying the semi-empirical smooth tube correlation of Cavallini 
and Zecchin [49]. He modified the correlation by changing the 
constant, using an unconventional hydraulic diameter and incorporating 
an additional term to adjust for pressure effects. The final 
correlation was 
k 0.8 0.33 -0.65 
h = 0.02 -r Re Pr, p (6.8) 
sq 1 o 
where 
P =-2-^  
° c^rit 
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0.5 
Re = Re 
eq 
+ Re 1 
G d. 0.5 
n 
+ (1 - x) X 
d. = 2 d 
e n 
This correlation served to predict his data with an accuracy of ±30 
percent. Appendices 1 and 2 provide further details qf these tests. 
There have been several other investigations of the augmentation 
of in-tube condensation by longitudinal fins. Unfortunately, they do 
not seem to be available in full detail, undoubtedly because of 
proprietary considerations. They are mentioned here and their 
details are tabulated in Appendix 2. 
hydrocarbons with vertical tubes containing internal longitudinal 
fins. They reported condensation coefficients as high as 
Reisbig [53] and Reisbig and Liang [54] condensed R-12 
inside tubes with internal longitudinal fins. These papers presented 
the results of their experiments but neither paper reported an attempt 
to predict enhanced heat transfer performance. 
2 1100 BTU/hr ft °F, but provided no other results. 
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Conclualons 
The single-phase and two-phase investigations mentioned above 
provided the background for the investigation of condensation inside 
tubes with internal longitudinal fins which is reported here. These 
investigations demonstrated that internal longitudinally-finned 
tubes offer several features with the potential to substantially 
augment in-tube condensation. These tubes improve the heat transfer 
coefficients in single-phase systems primarily by increasing the heat 
transfer surface. It was expected that this consideration would also 
be of primary importance in condensing systems. Additionally, 
the fins were expected to promote liquid entrainment, increase 
interfacial shear, and increase the rate of interface mass transfer by 
generally complicating the interfacial geometry. 
Of course, the finned tubes also were expected to have some 
drawbacks. The extended surfaces contribute to increased pressure losses 
through the tube. The high condensation heat transfer coefficients 
reduce the fin efficiency. Flooding and ultimate submergence of the 
fins by condensate was expected to degrade the augmentation effect at 
lower qualities. Finally, stagnation of condensate in the interfin 
channels also would reduce the augmentation capabilities of an 
intemally-finnsd tube. 
The condensation investigations also suggested considerable 
industrial interest in the topic. They further demonstrated that 
the topic has not received much fundamental attention from researchers 
and that the mechanisms of condensation within tubes Laving internal 
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longitudinal fins Is not well understood. 
Analytical Considerations 
Because internal fins promised to augment in-tube condensation, 
an effort was made to develop a method to predict this improved 
performance. Several approaches were followed. 
Initially, an attempt was made to emulate the success of the 
twisted-tape model. Discrete effects of the internal fins were 
identified. These effects were then modelled and incorporated into 
those in-tube correlations found suitable for the prediction of the 
smooth-tube data. The effects identified as important were: the 
geometry effects of increased surface area and reduced flow area, 
characterized by the equivalent diameter; the fin effect of the fins; 
and tangential velocity effects. These effects were incorporated 
in tuc models of Akers et al. [7] and Soliman et al. [10]. These 
modified correlations were found to greatly over-predict the 
experijsental data. Therefore, this approach was discarded and another 
was sought. 
The failure of the discrete effects approach was attributed to 
the decreasing heat transfer coefficients from the fin tip to the 
tube wall resulting from condensate collection and stagnation in the 
interfin channels. Therefore, consideration was given to modeling 
in-tube condensation within finned tubes by considering the details 
of the energy transport between fin and condensate. This energy 
transport is a function of the distribution of condensate and the flow 
rate of the condensate along the interfin channels. Unfortunately, 
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this necessary Information was not available and it became apparent 
that without it a fundamental model would not be forthcoming. 
A semi-empirical model might have been constructed and the 
experimental data used to determine unknown constants which would 
have accounted for the missing information. There would have been 
two, perhaps three, such constants. These would have provided 
sufficient flexibility for the experimental data to force an 
accurate prediction of the same experimental data regardless of the 
validity of the model itself. 
In order to avoid a commitment to a model whose validity could 
not be supported, a purely empirical solution was undertaken. A simple 
empirical modification was made to a correlation found suitable for 
predicting the smooth tube data. A dimensionless parameter with 
suitable limits was selected and the experimental data was used to 
determine suitable constants. The correlation of Akers et al. [7] was 
selected for modification because it served to accurately predict 
the average smooth-tube data obtained during this investigation. The 
resultant equation is discussed in the results section of this chapter. 
Experimental Considerations 
An experimental program was undertaken to quantitatively determine 
the augmentation effect of condensation inside of tubes with internal 
longitudinal fins. The French Tube Division of Noranda Metal 
Industries, Inc. supplied several seamless copper internally-finned 
tubes for testing. 
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Four of their "Forge Fin" tubes were selected. These were of a 
diameter conq)atible with the test condenser. The first of these tubes, 
called Tube #5 here, was fabricated with many short fins. A second 
tube of nominally the same diameter had half as many rather long fins. 
This second tube is called Tube #8. The third tube, here called 
Tube #6, was of smaller diameter and supplied with a small number of 
long fins. These three tubes were equipped with spiral fins. A 
fourth tube. Tube #7, of nominally the same geometry as Tube #6 
had straight fins. These tubes are pictured in Figure 29. 
The detailed geometric specifications for the finned tubes are 
presented in Appendix 7. They were obtained by direct measurement 
with a Gaertner Toolmakers Microscope and are accurate to ±0.0001 in. 
It should be noted that the fin dimensions differ significantly from 
those listed elsewhere [33]. 
These tubes presented no special operating problems. Standard 
operating procedures and standard installation and removal procedures 
as described in Appendix 4 were used. Tubes #6 and #7 required only 
a smaller sized compression fitting at the test fluid inlet connection 
and the test fluid outlet connection. 
The reported flow regimes obtained from the test condenser exit 
sight glass were rather meaningless for these tubes because the finning 
was not, of course, carried through the sight glass. The sight glass 
abutted the finned tube and the observed flow regimes appeared to be 
transitional between the flow regime at the end of the finned tube 
and that of a smooth tube. 
iMllilifillililhTil 
FIGURE 29 PHOTOGRAPH OF FINNED TUBES 
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Results and Discussion 
Experimental results 
The experimental investigation of intemally-finned tubes yielded 
a total of 169 valid experimental runs. Each of the four tubes was 
tested over a range of mass flow rates and at five nominal inlet pressures: 
41.5, 51.5, 61.5, 71.5 and 81.5 psia. The reduced data from these 
runs are tabulated in Appendix 11. The overall heat transfer coeffi­
cients were plotted versus mass flux with inlet pressure as a parameter 
as described in Chapter 4. Table A7.2 tabulates the values of 
C and n for Equation (4.4), the standard deviation and the correlation 
coefficient resulting from these calculations. The curves themselves, 
plotted without data points, appear on the composite plots of all 
similar curves : Figures 18-22. (note that the 81.5 psia curve for 
Tube #5 has been omitted because of an inability to obtain the 
minimum number of points required to perform the curve fit). 
The set of experiments with the finned tubes was, qualitatively, 
very similar to that of the smooth tube. There was the usual 
significant stratification of data points with inlet pressure. Tube 
wall tençerature distributions, test fluid pressure gradients, and 
sectional heat fluxes were qualitatively similar to those of the 
smooth tube. 
With the intemally-finned tubes, the sectional heat transfer 
coefficients followed a consistent trend. The heat transfer coefficient 
in the section with the highest average quality was consistently 
and substantially lower than that of the next section. The coefficient 
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of this next section was usually fairly close to that of the following 
section. The last and lowest quality section always reported a 
coefficient substantially lower than those of the two sections 
immediately preceding it. 
Hence, the general trend was increasing heat transfer coefficient: 
with decreasing quality to a point, then decreasing heat transfer 
coefficient with decreasing quality. Since the first portion of 
this trend is at variance with the conventional reasoning of decreasing 
quality used to establish most local smooth tube correlations, early 
attençts to use such local correlations to predict sectional heat 
transfer coefficients met with failure. 
A possible qualitative explanation of this behavior may be as 
follows. At first, under conditions of high quality and high vapor 
velocity, the effect of the fins would be simply that of providing 
more heat transfer surface. Here the condensate film would be thin 
and laminar with no significant interfin accumulation. 
As more vapor condensed, the condensate layer would increase 
in thickness, but the vapor velocity still would remain very high. 
The high interfacial shear induced by the high vapor velocity would 
destabilize the thickening film, promoting improved heat transfer by 
inducing turbulence within it and inducing interfacial waves and 
other disturbances. 
Perhaps of greatest importance, the destabilizing effects of 
high vapor velocity over the protruding fins could promote significant 
condensate entrainment. This would improve heat transfer by bringing 
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more subcooled condensate Into contact with the vapor, effectively 
increasing the surface area available to heat transfer. Furthermore, 
the condensate film remaining on the wall would be reduced in thickness, 
perhaps to the point where Gregorig type surface tension effects 
would further thin the liquid layer near the fin tips. This could 
raise the local heat transfer coefficients to extreme values. 
Entrainment and high velocities would also serve to minimize the 
accumulation of condensate in the interfin channels. Condensate 
accumulation between the fins would reduce the heat transfer by 
insulating the fin bases and the tube wall. 
Finally, the condensation process would proceed to the point 
where the vapor velocity was low enough to da-entrain most of the 
entrained condensate. Low vapor velocity and large amounts of 
condensate could cause the interfin channels to fill rapidly. This 
would reduce heat transfer by insulating with condensate more and more 
of the fins until, ultimately, they would become submerged. 
This explanation depends upon the conditions of low quality and 
very high vapor velocity. This explanation is supported by the 
observation that the experiments reported here were performed at 
rather low reduced pressures. At low reduced pressures, the phase 
density ratios are very large. Therefore, the vapor velocities and 
the void fractions remain very high throughout most of the condensation 
process. This makes possible the condition of low quality and very 
high vapor velocity necessary for this explanation. 
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Correlation results 
As has been mentioned, the experimental data were used to obtain 
an empirical correlation for finned tubes based upon the correlation 
of Akers et al. [7]. An additional term, based upon fin geometry, 
was determined. It served to modify the Akers correlation and enabled 
the modified correlation to predict the experimental data. The modified 
equation is; 
and w is the average of the interfin distance at the base and tip of the 
fins. This geometric factor differs from other dimensionless geometric 
parameters reported useful in correlating single-phase data. 
Watkinson et al. [33] used ^  . Vasil'chenko and Barbaritskaya [39,40] 
I e 
used ——r— and Omatskii et al. [41.421 used . The reason for 4P c - X, 
2 the necessity of the H term in the parameter used here seems to be 
that fin height is more important to heat transfer performance in the 
condensing systems than in single-phase systems. This is probably due 
to interfin channel flooding considerations, 
This equation predicted the overall heat transfer coefficient 
within thirty percent of the experimental result for 25 percent of the 
h = 0.0265 ^  
e 
(6.9) 
where 
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data. This is demonstrated by Figure 30, the plot of calculated 
overall heat transfer coefficient versus the experimental overall 
heat transfer coefficient. The standard deviations of calculated values 
on the experimental values are tabulated in Table A7.3. 
An attempt was made to use the correlation of Vrable [46], Equation 
(6.8), to predict the experimental data reported here. The standard 
deviations of calculated values from Equation (6.8) on experimental data 
are tabulated in Table A7.3 for each of the four tubes. This correlation 
proved to be a very poor predictor of the experimental data, some of 
the data being overpredicted by factors of ten. The reason for the 
gross overprediction seems to be due to the reduced pressure term in 
Equation (6.8). Vrable's data were taken at reduced pressures an order 
of magnitude higher than the reduced pressures at which the data 
reported here were taken. With an empirically determined exponent of 
-0.65, this term gave too great a weighting to the lower reduced 
pressures obtained here, causing the over-prediction. 
An attençt was made to predict Vrable's data with Equation (6.9). 
This attempt met with mixed success as can. be seen from the tabulation 
of standard deviations in Table A7.3. Equation (6.9) predicted the 
data of Vrable's 150 percent tube rather well; 81 percent of the 
calculated values were within thirty percent of the experimental 
results. A plot of calculated versus experimental data appears as 
Figure 31. The correlation failed to predict the data obtained from 
Vrable's 275 percent tube. It over-predicted Vrable's data by 
about a factor of four. However, Vrable's 275 percent tube falls 
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outside the geometric limits imposed upon Equation (6.9) by its data 
base, and attempting to predict data obtained from this tube is an 
unsupportable extrapolation of the equation. The standard deviations 
are presented in Table A7.3. 
In summary. Equation (6.9) proved to be a satisfactory predictor of 
heat transfer coefficients for in-tube condensation inside of tubes with 
internal longitudinal fins under conditions and tube geometries similar 
to those tested in the present program. 
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CHAPTER 7. 
INDICES OF PERFORMANCE 
Introduction 
The primary objective of this research was to increase the rate 
of heat transfer for in-tube condensation. The performance advantages 
of augmented heat transfer surfaces, such as those considered in 
this study, can be offset by disadvantages such as increased pressure 
losses, greater cost per unit length of tube, maintenance problems, 
noise, etc. Before selecting an augmented surface, the designer 
must consider the disadvantages of the surface as well as its advantages. 
Attempts have been made, by various investigators, to provide 
the designer with a rational means of comparing the merits and the 
demerits of an augmented surface. Some of these means, as applied to 
the surfaces and the conditions tested for this study» are discussed 
here. 
Background 
There have been numerous attempts to develop indices of performance 
of performance criteria for augmented surfaces. Bergles et al. reported 
that at least 20 indices had been developed prior to 1974 [55]. However, 
most indices have been developed primarily for single-phase heat 
transfer systems. The goal has usually been to find a parameter which 
would serve as a measure of the improvement in heat transfer per unit 
increase in pressure drop. 
A particularly early attempt to meet this goal was. made by Norris 
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in 1939 [56]. He suggested that 2j/f was a meaningful index of 
performance under the constraints of constant basic geometry and 
flow rate where j and f were Colbum's heat transfer and friction 
factor, respectively, which were defined as 
C G 
P m 
2/3 
(7.1) 
" g2 
" = "3 (7-2) 
Thus, this performance index has some claim to represent the heat 
transferred per unit pressure drop. Norris hypothesized that the 
maximum value of his index was unity. Therefore, the more closely 
a surface approached this upper limit, the better was the surface. This 
index was developed for single-phase through ccsçact hast 
exchangers. 
A popular dimensionless group which reoccurs throughout the 
3 performance index literature is some form of St /f. Apparently, 
Le Foil was the first to suggest this group as a performance index [57]. 
The great virtue of Le Foil's index is that it involves heat transfer 
and friction, but is independent of an arbitrarily defined cross-
sectional area. Le Foil developed his index for use with enhanced 
cores for gas-cooled nuclear reactors. 
White and Wilkie seem to have independently developed the same 
parameter at a later date [58]. However, Wilkie went further than 
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Le Foil and formed the ratio of this parameter between values for an 
augmented surface and a similar smooth surface. By referring the 
performance of augmented surfaces under standardized conditions to 
the reference cases of similar smooth surfaces, such ratios were 
claimed to provide a means by which augmented surfaces could be compared. 
To prove most useful, this index would have to be constrained to 
conditions of constant basic geometry, flow rate energy transfer , 
bulk temperature and temperature difference. 
While attempting to develop indices of performance for the 
augmented surfaces tested here, it soom became apparent that, because 
these indices had been developed for single-phase systems, they were 
not readily generalizable to two-phase systems. The index of Norris 
was not considered appropriate because it included a single-phase 
friction factor. Clearly, any attempt to characterize the heat 
transfer performance of two-phase diabatic flows with the index of 
Norris would be perilous. 
A similar objection was made to the indices of Le Foil and Wilkie. 
Furthermore, both of these indices were designed for single-phase 
flow through nuclear reactor cores - an exterior flow with radically 
different geometry than that of a condensing flow inside single 
horizontal tzbes. 
The appropriateness of other general single-phase indices could 
also be questioned for the same reasons. Thus, a decision was made 
to pursue the development of a different type of performance index. 
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While the indices of Norris and Wilkie are examples of attempts 
to develop an index to compare relative heat transfer and pressure 
loss changes, Bergles and his co-workers concerned themselves with 
more specific measures of augmented surface performance [59]. 
They implied that the proper way to evaluate a particular characteristic 
of a surface was to compare it directly with a reference surface at 
the conditions of interest. They, therefore, suggested a number 
of performance criteria which, taken together, provided a detailed 
description of the surface performance. The criteria were evaluated 
by taking the ratio of the parameter of interest between the augmented 
surface and the smccth surface. The parameters used to form this 
ratio were to be obtained for both surfaces in such a way that all 
other independent variables were held fixed. Thus, the criterion 
was obtained for rigidly constrained conditions and would be 
meaningful only under those conditions. For example. Criterion 2 
from Reference [59] was to be evaluated at fixed basic geometry 
and fixed pressure drop. It would measure increased heat transfer. 
In general. Criterion 2 was expressed as: 
where the subscripts "aug" and "std" referred to the augmented and 
standard cases, respectively. R^  was concerned only with the thermal 
a 
resistances on the augmented side of the system; hence, the constraint 
h 
aug 
R, 
a^ s^td = 0,d,L,n,AT,Tj^ ,^Ap \td R^ ^^  = 0.... 
(7.3) 
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= 0, the condition •where all external resistances were negligible. 
Attempting to apply these indices directly to the results of the 
experimental program reported here proved to be fruitless. This was 
because the performance indices were overconstrained for the data 
to which they were applied. The indices were overconstrained because, 
as with most condensers, the experiments performed with this test 
condenser were for a quality change of approximately 100 percent. 
Imposing a quality change of 100 percent upon all experimental runs 
constrained the total energy transferred to be a function of mass 
flow rate only. This was in constrast to single-phase systems where 
the total energy transferred would be a function of both mass flow 
rate and temperature change of the test fluid. Therefore, the condensing 
system had one degree of freedom less than the single-phase system. 
Hence, the precisely constrained indices of Bergles, developed for 
single-phase systems, were overconstrained for the condensing system 
tested here. 
The fewer number of. degrees of freedom for the two-phase system 
had an important ramification. Some of the more useful indices make 
a ccmpariscn between augmented heat transfer performa&ee and the 
heat transfer performance of the reference case at constant mass 
flow rate and constant pressure loss. In general, such an index 
could be evaluated for a single-phase system, but for the condensing 
here, the speciflcat-c-n .v.**' 
pressure loss would imply different mass flow rates for the two 
different tubes. This would violate the constant mass flow rate 
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constraint. This dichotomy could only be avoided by comparing 
tubes with identical pressure drop characteristics. For this study, 
this condition could only be fulfilled by comparing a tube with 
itself - not a very worthwhile undertaking. This inconvenience was 
further compounded by the circumstance that the specification of 
constant mass flow rate under the constraint of constant quality 
change implied constant energy transfer. 
These considerations certainly did not make it inroossible to 
obtain useful indices of performance or performance criteria from the 
data obtained by the experiments reported here. They simply 
demonstrated that the indices developed for single-phase systems 
vere not applicable to this condensing system. 
Development of Performance Indices 
1  ^m m *- w T3 y*» 1 f ^  ^ ^ Ql 
o WKy UL&v.'OO k/ jr *. ww ^ ^ ^  j 
were developed for condensing systems operated to produce a quality 
change of approximately 100 percent. Since condensers are usually 
designed to condense the entire through-put, these indices should be 
applicable to most condensing systems. 
The methodology of Bergles et al. was used to develop performance 
indices for the augmented surfaces tested here. A matrix of 
variables to be constrained versus objectives was created, analogous 
to those of Reference [55]. The indices of performance for condensers 
were developed by constraining all but one of the variables to equal 
values for both the smooth and augmented tubes. The index was then 
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to be formed by taking the ratio of the parameter of interest for each 
tube. 
An attempt was then made to apply each possible index illustrated 
by this matrix to condensing systems operated at a quality change of 
approximately 100 percent. Most of the possible indices degenerated 
to other indices because they were overconstrained. The four 
remaining indices are of varying utility and are considered in detail 
below. 
Bergles et al. also discussed extending the basic indices to two 
sub-cases [55]. They suggested that the earlier indices had a limited 
utility due to the constraint of constant temperature difference. They 
also pointed out that the earlier Indices were concerned only with 
the beat transfer coefficient of the test surface, but that performance 
was also a function of the overall heat transfer process. To 
increase the utility of the indices, the constant temperature difference 
constraint was relaxed and the indices were evaluated using heat 
exchanger design methods. The second sub-case reported was an attempt 
to provide indices which incorporated the entire thermal resistance. 
To evaluate these indices, a rather complete heat exchanger design 
calculation was required. 
An attempt was made to extend each condenser index considered 
here to these two sub-cases. For these indices, the constraint of 
negligible external heat transfer resistance required for the base 
case and the first sub-case suggests an infinite heat capacity of the 
secondary fluid and a constant wall temperature. Under the further 
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constraints of equal inlet saturation conditions and of condensing 
fluids, the fluid temperature would be approximately constant. Hence, 
the basic case considered here had an unspecified constant tençerature 
difference and hence was identical to the first sub-case. 
The second sub-case was more meaningful. Generally, an augmented 
surface would not be as attractive when evaluated with this sub-case. 
This sub-case is considered with each index discussed below. 
Another important consideration is the specification of inlet 
pressure. In order to meaningfully compare two heat transfer surfaces, 
they have to be cong)ared at comparable conditions. To insure a 
meaningful comparison, it often has been specified that both tubes 
be operated at the same average fluid temperature. This would be a 
rather restrictive constraint for condensing systems because the flufd 
temperature would be the saturation temperature. Saturation 
tençerature is a function of local pressure; hence, local pressure 
would be a function of the tube geometry. Therefore, to compare tubes 
operated with the same average fluid temperature at the same mass flow 
rate required that the tubes have the same pressure losses as well. 
This would be a rathes difficult conditioii to fulfill with tubes whose 
Internal geometries have been altered in order to increase heat transfer. 
To avoid this problem, the specification of constant fluid 
temperature is replaced by the specification of constant inlet pressure 
where it is understood that the feed to the condenser is saturated. 
This specification does not, of course, insure that the average fluid 
conditions are the same for each tube. On the contrary, different 
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conditions are expected, but their differences are functions of the 
mass flow rate which can be specified and of the tube itself. The 
implicit influences of the tube which alter the fluid conditions are 
invariant characteristics of the tube. Hence, the effects on the 
performance of the tube caused by these characteristics always 
accompany the selected tube and should be included in the comparison. 
The specification of constant inlet pressure, thus, is more realistic. 
Furthermore, in practice, the feed usually is delivered to the 
condenser at conditions independent of the choice of augmentation 
technique. 
The indices developed for condensers require the specification of 
the fixed independent variables used to evaluate each. These are 
noted as constraints on the ratio of the parameter of interest. The 
constraint "R  ^= 0" means that the index is the basic case where 
ext 
external thermal resistances are ignored. The constraint "geometry" 
involves constant tube length, number of tubes and nominal diameter. 
As is noted above, the constraint of constant flow rate implies 
constant energy transfer for condensers operated with a constant 
quality change. Variations in latent heat are ignored. Furthermore-
because the pressure drop is also a function of mass flow rate, the 
heat duty could not be varied independently of pressure drop as is 
possible with a single-phase system. It should be mentioned that the 
augmented heat transfer coefficients are considered to be referenced 
to the nominal areas. 
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Basic geometry fixed, flow rate fixed - decrease temperature difference 
The ratio, of interest is 
R, 
aug 
std 
AT 
std 
Pinlet, e^xt = ° AT aug 
(7.4) 
m. 
For the system under consideration, this index is not of particular 
interest. It simply demonstrates the increase of heat transfer 
coefficient without considering any drawbacks. However, the ratio 
of temperature differences is a measure of the augmented surface effect 
on the coolant side heat transfer and may be of some importance. 
The sub-case for this index is formed by relaxing the constraint: 
external resistance negligible. To evaluate this index, the complete 
geometry and flow conditions for both fluids would be required. Heat 
exchanger design techniques would be used to evaluate the index. Using 
the number of transfer units technique, the index becomes 
(7.5) 
Pinlet* Biometry 
where e is the heat exchanger effectiveness. This index demonstrates 
a very important point. Unless the external resistances are low 
compared to the smooth tube condensing side resistance, there will 
be little Increase in overall heat transfer performance for the augmented 
tube. 
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Basic geometry fixed, pressure drop fixed - Increase heat duty 
The ratio of interest is 
"2 = ^  
std Ap, Piglet' geometry, = 0 ™std Ap 
(7.6) 
This should be an important index because it appears to demonstrate 
the improvement of energy transfer at a constant pressure drop. 
Unfortunately for this condensing system, the specification of constant 
pressure drop implies different mass flow rates through each tube. 
For such a system, the energy transfer is a function of mass flow 
rate only. This ratio conveys the rather trivial information that 
as the mass flow rate of the vapor being condensed is decreased, the 
amount of energy transferred will decrease. It is included here. 
The sub-case for this index is evaluated in the same manner as 
R^ . . All fluid conditions and geometry must be specified and the 
complete heat transfer calculation must be performed. For equal 
flow rates of the secondary fluid, the sub-case reduces to a ratio 
of heat exchanger effectiveness. As with the base case, this sub-case 
is rather uninteresting. 
Basic geometry fixed, heat duty fixed - reduce pressure drop 
The ratio of interest is 
(7.7) 
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For a fixed heat duty, the mass flow rates are fixed; therefore, 
the minimum pressure drop is experienced with the smooth tube. 
In spite of this trivial qualitative conclusion, this index would be 
of use in quantitatively comparing various augmented geometries. 
The ratio could be evaluated for known flow rates and tube geometries. 
The denominator could be predicted using a smooth tube pressure drop 
correlation for two-phase flows and a similar prediction for the 
augmented tube. The non-negligible external resistance sub-case 
is identical. 
Heat duty fixed, temperature difference fixed - reduce exchanger size 
The ratio of interest is 
std 
"•Pinlet ' = C " aug 
(7. 
This is an especially useful index because it indicates to the 
designer the potential for reducing exchanger size. If the designer 
is attempting to minimize condenser size, he simply choses the tube 
for which R, is the smallest. 4 
For the tubes tested here, the heat transfer coefficients have 
been expressed in the form 
i^nlet 
C G 
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Thus, takes the form 
4^ 
= ^stdG  ^(%td-%ug) (7. 
Pinlet' ^ ext °  ^  ^^aug a^ug 
aug 
The sub-case for non-negligible external resistance is also 
useful. It would be evaluated in the usual manner. Assuming equal 
secondary fluid mass flow rates, the heat exchanger effectiveness 
would be the same for both tubes. Therefore, the number of transfer 
units also would be equal. Thus 
u 
std 
q, p u inlet aug 
(7.10) 
q» P inlet 
It is convenient to consider the overall heat transfer in a form 
suggested by webb and Eckert [60j: 
std ' UA hA y 
(7.11) 
for either tube, where 
_ std 3£std 
Bho k 
w 
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B is the ratio of extemal-to-nominal internal surface area and hp 
is the heat transfer coefficient on the outside of the tube evaluated 
by ipqnventional means. Thus 
s^td  ^ a^ug (7.12) 
a^ug  ^ "std 
and for tubes of equal thermal conductivity and wall thickness, index 
is operationally evaluated as 
+ r 
+ r 
The heat transfer coefficient ratio can be expressed by Equation (7.9). 
This index sub-case demonstrates that the condenser can be made 
smaller only if the increased condensation heat transfer coefficient 
significantly improves the overall heat transfer coefficient. 
Summairy 
There are four performance indices which can be used to 
assess the performance of condensing systems totally condensing the 
vapor. Each index has a base case and a sub-case. The evaluation 
of the sub-case requires additional information. 
One of the four indices, is of little utility. is of 
slightly more utility. Fortunately, R^  and R^  could be of great 
use to the condenser designer. Neither of these indices provides 
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a measure of the pressure loss penalties paid for an increase in heat 
transfer. However, these two indices taken together can provide 
the designer with a quantitative picture of the trade-offs available 
to him. 
Cost Considerations 
The designer is perhaps most concerned with the economic factors 
of augmentation. In general, the costs of augmentation are either 
recurring or non-recurring [61]. The non-recurring costs consist 
mainly of the extra cost of the augmented surface. Fabrication 
costs and the greater amount of material per unit length are the 
primary contributions to the increased non-recurring cost. Offsetting 
the non-recurring cost increases would be the economics resulting in 
smaller exchanger size; mainly reduced shell size and reduced heat 
transfer surface, but possibly less tube material as well. Recurring 
cost increases are most difficult to identify, but increased 
maintenance, reduced reliability, and, of course, increased pumping 
power are among them. 
Several investigators have considered basing performance indices 
on economic considerations. Using the general expression presented by 
Spalding and Lieberam [62] and Bergles et al. [59], the annual condenser 
cost can be approximated by 
aC _ APox 
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where 
, unit cost per foot of tube tu 
C ) unit cost per foot of shell 
sc 
b, amortization percentage 
a, annual hours of operation 
. electric cost 
Ç, efficiency of pump-motor combination 
^^ 2$, two-phase pressure gradient for the tube of interest 
Az 
With Equation (7.14), a designer could estimate the costs for each 
condenser design constrained to fixed heat duty and basic geometry and 
compare them by a new ratio 
C 1 
'5 " C^ i (7.15) 
stdjq, geometry 
Equation (7.14) could also serve as the starting point for 
comparing the condensers on an equal cost basis. That is 
G 
R 
s^td c, Piaiet' geometry 
(7.16) 
Therefore, the designer has at his disposal means for assessing 
the economic iiiq>lications of augmented surfaces. It should be 
noted, however, that these indices are only useful if the designer 
has the required information. 
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CHAPTER 8. 
GENERAL RESULTS 
A primary objective of this study was to compare various 
techniques to augment in-tube condensation. In the course of this 
study, three augmentation techniques were tested. The isolated 
results of these tests are discussed in their respective chapters. 
Here, a comparison of these results will be undertaken. 
Discussion of Composite Plots 
One way to effect the comparison of the augmentation techniques 
tested here is to present a composite of the plots of overall heat 
transfer coefficient versus mass flux prepared for each tube. 
Preparation of the composite plots is described in Chapter 4. The 
points were omitted froîn the plots to make the plots more legible, 
but statistical information on the quality of the curve fit for 
each curve is presented in Table A7.2. 
Inclined tubes 
The composite plots comparing the inclined smooth tube results 
with the horizontal smooth, tube are presented in Figures 15—17. 
From these figures, it is apparent that the tube inclination does 
effect the heat transfer coefficients. 
The effect of tube inclination in the flow direction may be as 
large as a ten percent deviation from the horizontal value, but the 
effect may even reduce heat transfer. The effect of inclining the 
tube against the flow direction is more pronounced and consistent. 
At lower flow rates, the tube inclination produced an increase in 
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overall heat transfer coefficient of approximately ten percent above 
the smooth tube value. As flow rate increased, the effect of 
tube inclination diminished most rapidly at the lowest inlet pressure. 
This trend seems reasonable because as flow rate is increased, 
the significance of the gravity forces would diminish compared to 
the shear forces. Because the density ratio is higher at lower 
pressures, shear effects would be more pronounced, thereby hastening 
the process. 
Unfortunately, both sets of inclined tube data had a substantial 
experimental uncertainty which was on the order of +10 percent associated 
with the lines on the figures. This uncertainty makes it difficult to 
draw definite conclusions about the effects of tube inclination. 
*fith this warning in mind, it seems reasonable to conclude that 
the effects of tube inclination on in-tube condensation heat transfer 
coefficients within smooth tubes were small. However, inclining the 
tube in che direction of flow would be less preferable than inclining 
the tube against the direction of flow, which demonstrated a small 
augmentation effect. 
Twisted tape inserts 
The composite plots comparing the psrfonsances of the twisted 
tape inserts with that of the smooth tube are presented in 
Figures 18-22. It is apparent from these figures that the twisted 
tapes improved the overall heat transfer coefficients. The maximum 
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improvement in heat transfer coefficient was approximately thirty percent 
above the smooth tube case. 
Generally, Tube #3 with the shorter pitch, provided greater 
augmentation than Tube #4. This is not surprising since the tape 
in Tube #3 would induce tangential velocity components larger than 
those induced by the tape in Tube #4, thus inducing higher levels 
of turbulence and hence greater augmentation. 
It was expected that the tape pitch would modify the slope of 
the curve plotted on these coordinates. The slopes of the curve 
did indeed differ from those of the smooth tube. Further, the 
slopes of the curves for Tube #3 usually were greater than those of 
Tube #4, as had been expected. 
Finned tubes 
Figures 18-22 also include the curves obtained from the four 
tubes equipped with internal longitudinal fins. These figures 
demonstrate that dramatic increases in overall heat transfer 
coefficients can be obtained with finned tubes. As can be observed, 
an increase in the overall coefficient of approximately 150 percent 
over that of the smooth tube was not unusual. 
These figures also demonstrated that the improvement in heat 
transfer performance was not solely a function of increased heat 
transfer area. Tube #7 with forty percent more heat transfer area 
than a smooth tube of equal internal diameter, consistently 
outperformed Tube #5 which had seventy percent more area than 
a smooth tube. It should be noted that Tube #7 had a fin height 
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to nominal radius ratio of 0.3 whereas the same ratio for Tube #5 
was 0.08. 
As Illustrated by these figures, the results were as tnay be 
expected. Tube #8 with long spiral fins and large surface area 
usually performed the best. Tube #6 with*long spiral fins, but less 
area, performed less well. 
Tube #7 was geometrically similar to Tube #6, the major difference 
being that Tube #7 had strai^ t fins. The difference in performance 
between these tubes was larger than expected. It may be that 
the splraling does considerately more than simply providing a 
tangential velocity component. The spiral fins themselves serve to 
promote turbulence and film instability by presenting their projected 
perpendicular area to the bulk flow and disturbing it much the same 
way circumferential fins would. This effect may be much more 
important than had been expected. 
Tube #5 with large surface area but with rather short fins 
was the poorest performer of the finned tybes. Nevertheless, Tube #5 
proved to be a better augmentation device than either of the twisted 
tapes and demonstrates the superiority of the finned tube for this 
purpose. 
Performance Indices 
Several indices of performance and their problems were discussed 
in the last chapter. It is appropriate to attempt to apply them to 
the experimental data reported here. 
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Only the major cases will be discussed; the viable sub-cases 
were not considered because a heat transfer correlation would have 
been required for the coolant side. The introduction of such a 
correlation could have obscured some of the information obtained 
by the experimental effort. 
Index Rg, Rg, and the cost indices also were not considered 
further. R^ , as has been noted, was rather uninteresting. Index 
Rg and the cost indices required a two-phase pressure drop 
correlation, the objection to which was similar to that mentioned 
above relative to the sub-cases. 
There remained R^  and R^ , but operationally these indices are 
the reciprocal of each other. R^  was judged the more useful, and 
hence, was evaluated and presented here for illustrative purposes. 
R^  requires fixed heat duty and temperature difference. It 
evaluates the effectiveness of an augmentation technique for reducing 
exchanger size. This index was evaluated for the. experiments reported 
here by using Equation (7.9) and values from Table A7.2. Since R^  
2 is a function of mass flux, a representative value of 250,000 Ibm/hr ft 
was used to evaluate this index. The results are reported in 
Table 8.1. 
Consideration of Table 8.1 makes apparent trends analogous to 
those observed above. Table 8.1 demonstrates that on the basis of 
R^ , Tubes #6 or #8 would provide the smallest heat exchanger for 
a given duty. 
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TABLE 8.1 
TABULATION OF PERFORMANCE INDEX R^  FOR EXPERIMENTAL TUBES 
2 
R^  evaluated at 250,000 Ibm/hr ft 
Tube # Inlet Pressure, psla 
41.5 51.5 61.5 71.5 81.5 
2, -10.0° oTi oTi - ÔI9 -
2, +10.0° 0.9 1.1 - 1.1 
3 0.7 0.9 0.8 0.9 0.7 
4 0.8 0.8 0.8 0.8 0.8 
5 0.7 0.8 0.7 0.8 
6 0.4 0.4 0.5 0.4 0.4 
7 0.3 0.6 0.6 0.6 0.5 
8 0.4 0.5 0.4 0.5 0.4 
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Fressure Loss Considerations 
In any discussion of this nature concerning the relative 
merits of an augmented heat transfer surface, consideration is usually 
given to the pressure loss penalty to be paid when using a particular 
surface. This consideration was alluded to in the previous chapter 
•when Rg snd were discussed. For single-phase systems, R2 Is usually 
the index of greatest interest in this regard, but under the constraints 
imposed upon this experimental two-phase data, it becomes rather 
uninteresting. This is most unfortunate because the remaining index 
Rg is inherently less useful. 
It would have been possible to evaluate R^  for the experimental 
data. A method of pressure drop prediction would have had to have 
been developed for the augmented geometries and with such a method 
in hand, R^  could have been evaluated. Unfortunately, the resources 
were not available to develop the required pressure drop prediction. 
Thus, there remains only to make a remark based upon experimental 
observation concerning pressure losses and augmentation techniques. 
That is, the twisted tapes yielded the largest pressure drop of all 
the tubes tested- Since their augmentation performance was not the 
highest, it is reasonable to conclude that they are not the best 
choice for an augmentation scheme where improved performance at 
a minimal increase in pressure loss is required. 
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CHAPTER 9. 
CONCLUSIONS 
An experimental study of the in-tube condensation of steam is 
reported here. To this end, investigations of the smooth in-tube 
condensation process and of three techniques to augment this process 
were undertaken. The conclusions drawn from these investigations 
are as follows: 
1. For the conditions investigated here, the correlation of 
Akers, Deans and Crosser [7] satisfactorily predicted the experimental 
tube averaged overall heat transfer coefficients for condensation of 
steam within a smooth horizontal tube. The correlation of Soliman, 
Schuster and Berenson [10] satisfactorily predicted the experimental 
sectional condensation heat transfer coefficients for the same conditions. 
2. The effects of tube inclination on the in-tube condensation 
heat transfer coefficient were small. Inclining the condenser at 
ten degrees below the horizontal by lowering the condenser inlet, 
increased the heat transfer coefficients a of approximately 
ten percent above the horizontal value on a nominal area basis. The 
effect of inclining the condenser ten degrees in the opposite 
direction, into the direction of flow, was not great; but under some 
conditions this orientation reduced the heat transfer coefficient. 
3. Twisted tapes inserts in the horizontal condenser were found 
to increase heat transfer coefficients by as much as thirty percent 
above the empty tube value on a nominal area basis. 
4. Horizontal internally finned tubes were found to increase the 
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in-tube condensation heat transfer coefficients by as much as 150 
percent above the smooth tube value on a nominal area basis. 
5. Methods were developed to predict the improved heat transfer 
coefficients for the tubes with twisted tape inserts and tubes with 
internal fins. The predictive method for tubes with twisted tapes 
is described in Chapter 5 and Equations (5.1), (5.7), (5.11), and 
(5.6). The predictive method for internally finned tubes resulted 
in Equation (6.9). These equations predicted the experimental 
data within thirty percent. 
6. Performance indices for surfaces augmenting in-tube 
condensation were considered. The problems of developing such 
indices, unique to the system under consideration here, were discussed. 
Several indices of varying utility were developed. The most useful 
index provided an indication of the expected size reduction of 
a condenser using an augmented surface. 
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CHAPTER 10. 
RECtMIENDATIONS FOR FURTHER RESEARCH 
As is, no doubt, the case for all endeavors such as this, what is 
reported here demonstrated needs and suggested ideas for much fascinating 
additional work. An attempt is made here to present some of these 
thoughts for further consideration. 
The experiences with the horizontal smooth tube data and attempts 
to predict it demonstrated the perils and limitations of some of the more 
popular heat transfer correlations available to designers of in-tube 
condensation equipment. This experience demonstrated that a more general 
correlation is required. In particular, a general correlation should take 
consideration of changes In flow regime, perhaps by a weighting technique 
to combine correlations designed for several flow regimes In the spirit 
of Chen's forced convection vaporization correlation [63]. Such a 
correlation may require much more information on in^ tube condensation 
flow regimes than is currently available. 
Visible observations of the exit conditions of many experimental 
runs suggested that more attention should be given to effects of 
èUU^O-LUlUCm» Vil une itcou —UUL/O U.VI.l.VJ.C4XOa.U. • A iUWA. <C 
general correlation should also account for such effects. 
The inconsistent experimental data obtained during this 
study precluded analytical consideration of the effects of tube 
Inclination. It is of Interest to clarify these effects; therefore, 
further inclined tube experiments with supporting analytic considerations 
145 
are suggested. 
Quite a bit of pressure loss information was compiled during 
the experimental program reported here. It is suggested that the 
smooth tube data be used to check existing two-phase pressure loss 
correlations and the augmented data be used to develop methods to 
predict pressure losses through the augmented geometries. 
The large amount of data reported here were obtained with only 
one fluid: steam. For greater generality, it is suggested that this 
body of data be augmented by data obtained with other fluids, 
particularly refrigerants. 
The greatest disappointment of this research program was the 
inability to provide more than an empirical correlation for condensation 
inside longitudinally finned tubes. An analytic model of this heat 
transfer process requires an understanding of the condensate fluid 
dynamics. If the two phases are hypothesized to be separated with 
the condensate in the proximity of the tube wall, it is probable 
that surface tension and shear effects would concentrate the condensate 
within the interfin channels, with a thin layer of condensate covering 
the protruding ends cf the fins. Locally, the amount of condensate 
would be a function of local quality^  As local quality decreases, the 
volume and hence the depth of the condensate would increase until 
the fins were flooded. 
The thickening layer of condensate in the interfin channels would 
reduce the heat transfer coefficients below the smooth tube value, 
at the bases of the fins and at the tube wall. However, the portions 
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of the fins protruding above the condensate layer would be covered 
only by a thin layer of liquid. 
It may be possible to model heat transfer through this thin 
layer quite simply as laminar conduction, or the task may be very dif­
ficult. For instance, Gregorig type surface tension forces may be 
important. The heat transfer between the fins would be the greatest 
problem, but an understanding of the velocity distribution through the 
condensate in the interfin channels would make possible an estimation of 
heat transfer to the submerged portions of the fins and the tube wall. 
Thus, the key to understanding condensation inside internally 
finned tubes seems to be an understanding of the interfin channel 
velocity distributions. If further interest in condensation within 
tubes with longitudinal internal fins justifies the effort, a detailed 
investigation of interfin velocity should be undertaken. The single-
phase Investigation of Omatskii et al. [41,42] should provide 
guidance for this study. 
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APPENDIX 1. 
LITERATURE SURVEY: IN-TJBE CONDENSATION 
Introduction 
In order to acquire some insight into the process of in-tube 
condensation, an exhaustive literature survey of the open in-tube 
condensation literature was undertaken. The purposes of this survey were 
to acquire an understanding of the basic in-tube condensation processes 
and to investigate the potential for effective intervention into 
these processess for the purpose of enhancing and augmenting condensation 
heat transfer. 
This survey was limited to literature relevant to the film conden­
sation of a single component within a closed channel. Literature 
concerning the condensation of liquid metals was excluded from this 
survey. With an exception or two, only post World War II literature 
was included. The survey disclosed that the amount of information 
available concerning in-tube condensation was surprisingly extensive. 
Over 60 references were obtained for this survey. They were divided 
into four major topical headings- and they are discussed here 
within these headings. 
Flow Regime Studies 
Many attempts have been made to find a successful technique to 
predict two-phase flow regimes [64,65]. Most attempts were made 
by experimenting with adiabatic, horizontal or vertical flow of an 
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air-water mixture. 
Flow regime studies of horizontal two-phase flowing systems 
invariably begin with Baker*s classic work [66]. Baker studied the 
horizontal adiabatic flow of an air-water mixture. From this study, 
he created a flow regime map by noting the flow regime of a set 
of experimental conditions characterized by two semi-empirical dimension­
al groups. Baker's flow regime map has been generally considered to be 
applicable to diabatic horizontal two-phase flow. 
Bell and his cc-workers investigated the applicability of the 
Baker flow regime map to in-tube condensation [67]. They suggested 
that Baker's map could be improved by transforming the coordinates. 
They also provided a useful overlay for the transformed Baker map. When 
placed upon their Baker map, the overlay indicates the progression of 
flow regimes to be expected during the condensation of a vapor under 
known conditions. 
Recently, there have been several flow regime studies of 
horizontal single component condensing flow. Soliman and Berenson used 
transparent tubes to investigate interfacial waves [68]. Soliman 
and Azer conducted visual studies of condensing R-12 and suggested 
their own flow regime map [69]. Marschall and Lee investigated laminar 
film stability [70], More recently, Soliman and Azer have also 
attempted to predict the annular flow to wavy flow transition [71]. 
Traviss and Rohsenow considered the flow regimes in smooth 
tubes and in a rather special geometry; the return bend [72,73]. 
They tested with R-12, both adiabatically and while condensing, and 
151 
concluded that return bends had little effect on condensation thermal 
hydraulics. 
Heat Transfer Studies 
Interest in the theoretical aspects of condensation heat transfer 
dates back at least as far as 1860 when Joule read a paper on the 
subject to the Royal Society [74,75]. Joule had conducted some 
experiments with the condensation of steam on the outside of vertical 
tubes, and, in the paper, he presented a method for predicting 
heat transfer performance based upon his experimental results. 
Notwithstanding Joule*s contribution, it was Nusselt who began 
the modem understanding of the condensation process when he published 
his classic paper in 1916 [76]. Nusselt made some reasonable 
assumptions about fin condensation on a flat plate and proceeded to 
derive an analytic expression for the heat transfer coefficient» He 
also extended his analysis to other similar geometries, notably 
condensation inside a vertical tube of large diameter. 
Between the world wars, Nusselt's results provided the basis for 
theoretical investigations of many problems concerning condensers. 
However, Nusselt's assumptions were not universally valid, and his 
results proved inadequate for some applications. Subsequently, 
attempts have been made to relax some of the Nusselt assumptions [77-79]. 
Other investigators, notably Colbum, came to realize that Nusselt's 
assumption of a laminar film was often not appropriate. Colbum 
undertook an investigation of condensation with turbulent films [80]. 
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This Investigation was extended to in-tube condensation and produced 
an analysis presented in 1951 [81]. 
This paper seemed to herald a turning point for in-tube 
condensation research because other investigators began to consider 
turbulent films as well as laminar ones [82,83]. After the 
1951 paper, most investigations of in-tube condensations were 
concerned with turbulent films. 
Following a hiatus during the *50*s, a rash of papers on turbulent 
in-tube condensation appeared at the turn of the decade. Consideration 
of these papers suggested that there had emerged two philosophical 
approaches to the analysis of in-tube condensation. The earlier 
approach was that enunciated by those whose approach may be labeled 
single-phase similarity. 
With single-phase similarity as espoused by Akers and his co­
workers [7], the condensed liquid phase was considered to provide the 
controlling thermal resistance in the condensation process. Since 
the liquid was turbulent and, in general, at a temperature less 
than that corresponding to the saturation conditions - that is, 
subcooled, hence, not partaking in a mass transfer process -
mechanisms similar to those important to single-phase heat transfer 
were responsible for heat transfer through the condensed liquid. 
They reasoned that because of this similarity, single-phase 
turbulent heat transfer models could be generalized to the turbulent 
in-tube condensation process. To effect this generalization, it was 
necessary to modify a single-phase turbulent heat transfer correlation, 
usually of the McAdams type or its Russian equivalent, to reflect the 
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modified liquid geometry and the effect of vapor shear for condensing 
flows. 
Akers et al. made both of these modifications simultaneously 
[7]. The Russians made theirs in two discreet steps: first, to 
account for modified liquid geometry [84]; then, to account for 
vapor shear [6]. 
The single-phase similarity philosophy has several virtues. It 
required no explicit assumption of flow regime, though annular flow 
was usually strongly implied, thus making the resultant correlations 
more general than an approach which assumes a flow pattern. The 
physical arguments in its support, while not compelling, do have 
merit. Finally, and not of the least importance, this approach 
yields a manageable, usuable correlation. 
There are also objections to the single-phase similarity approach. 
Its detractors usually note that the final correlations always include 
at least two experimentally determined constants. In fact, they point 
out that the correlations are nothing more than empirical curve fits 
to experimental data using judiciously selected dimensionless groups. 
This view is supported by the similarity of single-phase similarity 
correlations to empirical correlations, which make no pretense to being 
otherwise. 
Another objection to this approach is the limited range of 
applicability of the resulting correlations. Besides being inconvenient, 
this lack of generality lends support to those who argue that such 
correlations were not based upon a sound physical understanding of the 
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condensation process. 
However, the single-phase similarity cas^ ) has had, and continues 
to have, a number of supporters as evidenced by continuing attempts 
to refine its results. Attempts have been made to include the effects 
of non-uniform film distribution [85], liquid subcooling [86], and 
the effect of void fractions [87]. In spite of this continuing 
interest, and in spite of its status as the philosophical foundation 
of an established design correlation entrenched in the ASHRAE 
Handbook of Fundamentals [11], the single-phase similarity model 
seems to be losing the struggle for acceptance to its rival, the 
boundary layer model. 
The boundary layer model of condensation seemed to have been 
crystalized by several papers written about 1960 dealing with 
condensation on a flat plate- These papers assumed the condensed 
liquid film flowing down a vertical flat plate had the attributes 
of a classical boundary layer, and thus, could be so modeled. 
Sparrow and his co-workers seemed to have pioneered the application 
of the mathematical techniques of boundary layer theory to the 
condensation process when they produced several papers analyzing 
laminar condensation [88-90]. Dukler, who published his important 
paper in 1960 [91], considered turbulent boundary layer condensation 
on a flat plate. Also in 1960, Altman et al. [92] modeled in-tube 
condensation as a boundary layer. These papers seemed to encourage 
many subsequent researchers to consider the in-tube condensation 
process as a boundary layer-like phenomena. 
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The emergence of the notion that the filmwise condensation process 
could be modeled as a boundary layer soon gave rise to as many 
condensation modelg as there were boundary layer models. The most 
popular starting place for model ing turbulent in-tube condensation 
as a boundary layer seemed to have been with the assumption that 
Von Karman's universal velocity distribution was representative of 
the velocity distribution within the condensate film. 
Usually, each of the three zones of Von Karman's distribution 
gave rise to a thermal resistance. Controversy arose over which 
of these thermal resistances were important. Carpenter and 
Colbum [81], and their successors [10], argued that the laminar 
sublayer was the dominant thermal resistance. Kutateladze professed 
that a turbulent zone resistance and a transition zone resistance 
were both important [93]. Rosson and Myers maintained that the 
thermal resistances of the laminar sublayer and the buffer zone 
controlled the heat transfer [8]. Bae et al. included all three 
resistances in their model [94]. 
Other investigators have attempted to utilize other models, 
and still others have refined existing ones. In addition to overall 
heat transfer analysis, some researchers have considered critical 
aspects of the problem usually in an attempt to better characterize 
its fluid dynamics [95,96,97]. 
Boundary layer modeling of in-tube condendation seems to be 
currently in vogue, probably because of its methodological rigor. 
However, the technique has its disadvantages. It requires the explicit 
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assumption of a flow regime; the choice is usually smooth film 
annular flow. This assumption necessarily limits the model's 
range of applicability. Furthermore, this technique usually 
produces cumbersome explicit or iterative correlations making it 
difficult to use without digital computation facilities. This 
problem has been recognized and attempts have been made to reduce 
computational labor [9]. 
The increase of Interest in understanding turbulent film in-tube 
condensation did not bring to a halt efforts to understand laminar 
condensation, especially the difficult problems of laminar in-tube 
condensation as complicated by condensate stratification. 
Nusselt's original methodology has been empirically corrected 
to account for stratification. Rohsenow et al. suggested a correction 
for liquid subcoollng [83]. Other investigators have attempted to 
account for variable viscosity [77], variable viscosity and subcoollng 
[79], and pressure gradients [78]. 
Efforts to understand in-tube condensation with stratified 
flow also took the form of dividing the wetted perimeter into a 
zone where Nusselt's assumptions hold and a stratified zone where 
they do not. Others assumed that the heat transfer through the 
stratified zone was negligible or that Nusselt's equation applied 
in this zone. Chato used Von Karman's analogy to model heat transfer 
through the stratified layer [95]. Rosson and Myers also assumed a 
turbulent stratified layer [8]. Others have concerned themselves 
with interfacial shear [96,97]. 
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In addition to the modeling of the heat transfer through the 
stratified layer, the investigator must determine the condensate 
distribution; that is, where the Nusselt zone stops and the stratified 
zone begins. The investigator then must weigjit the heat transfer 
through each zone to obtain the average heat transfer at the station 
of interest. 
Determining the liquid phase distribution gave rise to a 
spirited controversy in the '60's. Chato [95], on the one hand, 
argued with Rufer and Kezios [98] over the question of what were 
the appropriate controlling boundary conditions at the condensate 
exit. Other investigators have also contributed their thoughts 
on this subject [99-102]. 
Correlations from the models mentioned above, and others, have 
been collected and listed in Table Al.l. where space permitted, the 
correlations were listed in full, but often only the features of the 
correlations were listed because certain parameters either occupied 
too much space, or were available only as tabulated quantities. 
The correlations included in the table were not limited to 
those developed for a horizontal tube orientation. If a correlation 
developed for another orientation did not incorporate or imply 
by flow regime considerations an assumption of high velocity, 
inertia dominated flow, it was not included in the table. Such a 
correlation was not included because gravity effects may have been 
inmortant to the extent that the correlation was not appropriate for 
horizontal condensation. The correlation of Levin is such a 
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correlation [103]. 
The classifications follow the general divisions of in-tube 
condensation literature discussed above. Specifically, the correlations 
are organized into the following classifications: 
I. Laminar Film Correlations - models 
which assume at least a portion of the 
condensate film is laminar and/or has a 
linear temperature gradient through it. 
II. Dimensional Analysis Correlations -
correlations obtained by empirical curve 
fits using non-dimensional parameters. 
III. Single-Phase Similarity Correlations -
models incorporating the tenets of the 
single-phase similarity school of thought 
as discussed above. 
17. Turbulent Single Zone Resistance Correlations- -
boundary layer models of condensation where 
one zone in the boundary layer is assumed 
to provide most of the thermal resistance. 
V. Turbulent Two Zone Resistance Correlations -
boundary layer models of condensation where 
two zones in the boundary layer provide the 
Important thermal resistances. 
VI. Turbulent Three Zone Resistance Correlations -
boundary layer models where the entire boundary 
TABLE Al.l 
SURVEY OF METHODS TO PIlFDICT IN-TUBE CONDENSATION HEAT TRAIiSFER 
Classification Investigator Correlation Comments 
I, Laminar 
Film 
Correlations 
A. Nusaelt, 1916 
(76,104) 
\ "t£ »1 
-) 1/3 Assumes; laminar film large radius 
negligible vapor shear 
B. Kern, 1950 
[105] 
= 0.761 
V =tf t'l / 
Modification to I-A to correct 
for stratification. Ln vo 
C. ChaddocU, 1957 
[106] 
h, - J P 0 
where Y = f(J,L.(T^^^ - T^).d) 
n= (k3pj(p^  - p^ )g 
J = f(properties) 
P = f(V) 
Analytic Modification to I-A to 
correct for stratification, 
assumes no conduction through 
stratified layer. V, J, 3 
tabulated in paper. 
D. Akers and 
Rosson, 1960 
[85] 
h = C Pr^/S 
c d 
H Iv 
CpfTsat - V 
1/6 
Re 
where 1000 < Re^ < 20,000 0 = 13.8, n 
Predicts heat transfer through 
a laminar liquid film evenly 
distributed around the inside 
0.2 of a tube. 
20,000 < Re^ < 100,000 C = 0.1, n 2/3 
TABLE Al.l (continued) 
Classification Investigator Correlation Comments 
I. Laminar B. Hartmann, 1961 
Film (99) 
Correlations 
(continued) 
k / , 2 
where T = rr.z 
Re do 
H 
•^^ 1 ''i 
sat 
"clLilA 
w^> 
F. Myers and 
Rosson, 1961 
1107] 
D — 0 T 
P], 
For stratified flow: 
i i  =  0 . 8 4 0  — ( 1  .  c R e  
c dj cv 
0.34 
where N 
"i Pl8 "iv 
ki Pi(Tsat - "^ w) 
and C = 0.0465 for methonal 
For annular How no stratification 
1/3 
-0.14 
Re 
I-A modified to reflect reduced 
conduction through stratified 
zone. 
Assumes pure conduction through 
liquid layer. 
TABLE Al,l (continued) 
Classification Investlgdtor Correlation Comments 
I. Laminar 
Film 
Correlations 
(continued) 
G. Chato, 1962 
t95] 
0.468 K 
2s P^ (P^  - P^ ) + 0.68 Qk^ l 
'ldi(Tsat - V 
CPl(Tsat - w^> 
"w 
ll/4 Assumes von Karman's analogy 
applicable to stratified layer. 
Reduces to I-A, corrected for 
condensate heat capacity, at 
high Pr. 
K " correction factor for low Pr 
I. 
Rosson and 
Myers, 1963 
[8] 
Rufer and 
Kezios, 1966 
f98] 
J. Roetzel, 1973 
[102] 
he = 0.31 Ke°'12 
d Pl(Pl - V 8 »lv 
kl^ l'Tsat - V 
1/4 
1/4 
H = + 0.68 Cpi(T,,t - y 
(I = film half angle 
C " tube slope 
f = correction factor 
1/3 
Modification of I-A to predict 
heat transfer through thin 
film portion of stratified flow 
(to be combined with V-B). 
Assumes force balance on 
film controls interface 
geometry and depth of 
stratification. 
:[(%) Re + 0.0095 7/4 Iv 373: Or ' Re 2/3 j J Assumes laminar film and turbulent core. Iterative 
analytic solution approxi­
mated by this equation. 
TABLlî Al.l (continued) 
Classification Investigator Correlation Connents 
I. Laminar 
Film 
Correlations 
(continued) 
K. Connell (it al., Numerical solution of a partial 
1974 
[100] 
Analysis 
Correlations 
[93] 
B, Isachenko and 
Salomzoda, 1968 
(108) 
C. Isachenko and 
Salomzoda, 1972 
[109] 
D. Yusufova and 
Meikdukht, 1973 
[110] 
differential equation along tube 
II. Dimensional A. Kutateladze, 1961 h •=> °  O S  " i ( t )  « ' 1  
t&'-rkr 
h = 1.05 , 
c d 
Assumes all of Nusselt's assump­
tions, but adds vapor shear. 
Parametric curve fit to data, low 
pressure in-tube condensation. 
90 < Re < 450 
2 X 10"3 < ^  Fr < 3.2 X lO"^ 
Similar analysis to II-B. 
where K = 
ZC'/Tsat - V 
Parametric curve fit to 
gasoline vapor condensation 
data. 
M 
<T> M 
Classification Investigator 
III, Single-Phase A, Akers et al. 
Similarity 1959 
Correlations [7] 
Ananlev i:t al., 
1961 
[841 
C. Boyko and 
Kruzhlllu, 1967 
[ 6 ]  
TABLE Al.l (continued) 
Correlation Comments 
h » C ^  Re" Prl/3 
<1 
where Re 
<>1 Ge 
Assumes single-phase Reynolds 
analogy correlation applied to 
liquid layer is appropriate 
when corrected for vapor shear. 
G " G 
e 
C = 0.0265, n = 0.8 for Re > 5 X 10 
A 
C = 5.03 , n " 0.33 for Re < 5 X 10 
• 2 (' *it 
I, - 0.021 ^  R.;-"  ^
fi = 0.024 1- Re°*® Pr°'43 
c 1 
vO.25 
out 
Assumes single-phase correlation 
(Reynolds analogy) can be applied 
to liquid layer. Then this 
correlation was weighed by 
averaging single-phase inlet at 
outlet conditions. 
Modification to II-B to account 
for vapor shear in a manner 
similar to that in Ill-A. 
TABLE Al.l (continued) 
Classification Investigator Correlation 
III. Single-Phase D. Miropolskiy 
Similarity and Charyev, 
Correlations 1970 
(continued) [87] 
where h = 0.03 Re®'® Pr?'^ 
o 11 
E. Cavalllnl and 
Zecchln, 1971 [49] 
1974 [111] 
F. Hurthy and Sarma 
1972 
[86] 
IV. Turbulent A. Carpenter and 
Single Zone Colburn, 1951 
Resistance [81] 
Correlations 
ii = 0.05 ^  Re°*® Pr°'33 
c d^ 1 
Re = Re 
h^  = 16 
•' [' •" Cpj(T - T ) 
sat w 
h = 0.023 Re°'® Prj^^ 
0 ^ 1 1 
1/2 
6c • 
f^ = Fanning friction factor 
G = 
m 
1/2 
B. Soliman et al., 
1968 
[10] 
h, . 0.036 Pr?'*5 pl/Z p}': 1 1 o tij 1 
F^ « wall shear stress 
Comments 
Local correlation, assumes 
single-phase correlation is valid 
in liquid layer. Vapor shear 
correction Is a function of void 
fraction. 
Essentially III-A with constants 
reevaluated. 
0.72 
I h^ Apparently a single-phase ^ 
Reynolds Analogy type correla- 4^ 
tlon corrected for liquid layer 
subcooling. 
Assumes primary thermal resist­
ance is In the laminar sub-layer 
where the liquid^fllm Is assumed 
to have von Karman's velocity 
distribution. 
Extension of IV-A to incorporate 
total two-phase 6p. 
r 
TABLE Al.1 (continued) 
ClaaoifIcation Investigator Correlation Comments 
Turbulent Two A. Kutateladze, 
Zone Resist­
ance Correla­
tions 
VI. Turbulent 
Three Zone 
Resistance 
Correlations 
1961 [93] 
1963 [112] 
B. Rosoon and 
Ifyers, 1953 
[8] 
A. Altman et al., 
1960 [92] 
also 
Ko sky and iitaub, 
1971 [16] 
0.4 Pr, j-
 ^''i 
ÏÏTô 1^ 
rig = 0.29 Re 
k 
* a; i/B*«i 
5 + p!" (*" 5Pr^  + l) 
PldiCpi 
k^  T* 
6+ 3 5 •f + : = 6^ Pr, 
fi"*" > 30 
3 0  a  6 + > 5 :  T ^  =  5 ^ P r j  +  X n ^ l  +  P r ^ ^ ^  
T+-5 |pr^  ^+ An^ l + SPr^  ^^  
+ 0.495 ^lô)) 
RCj^  < 1000 
Designed to predict heat transfer 
coefficient for high speed 
condensing flows and assumes a 
two zone model for thermal 
resistances. 
Predicts heat transfer through a 
stratified layer of liquid and 
assumes that the heat transfer 
resistances of the laminar sub­
layer and the buffer zone are 
important (to be used in combina­
tion with I-G). 
Predicts heat transfer coefficient 
for annular condensing flow. 
Assumes Martlnelll analogy for 
temperature distribution, but uses 
Prandlt-Nlkuradse velocity dis­
tribution to obtain film thickness 
'))) 6+. 
o\ U1 
Re^ > 1000 : 6^ = 0.0504 ReJ^® 
TABLE Al.l (continued) 
Classification Investigator Correlation Comments 
VI. Turbulent 
Three Zone 
Resistance 
Correlations 
(continued) 
Bae et al,, 
1968 [113] 
1969 [114) 
1970 [115] 
1971 [94] 
PlCpjdiUj 
"^o " ^(d^ If ' Geometry) 
= f(0* , Pi-j , M) 
Predicts heat transfer coefficient 
for annular flow using ^on^Karman'a 
analogy. Assumes von Kaman's 
universal velocity distribution 
and Martinelll's pressure drop. 
F2 Is a function of distribution 
zone. Fg is a two-phase pressure 
drop term. 
C. Xravlss et al., 
1971 [106] 
1972 [9] 
M - f(6^ , F J , V )  
o^ " ^0% ' Q ' Properties) 
\ " 
Pr^ Re°*" F 
f(Re^  , I'r^ ) 
Simplification of VI-B, 
0.15(xit -I- 2.85 
D. Azer et al., 
1971 [15] 
1972 [117] 
h = 0.039 ^  Pr°'337 Re"' 
c dj_ 
-1 +1.09 
0.9^  !!.&)% 
4.67-x y 1 Predicts local heat transfer 
coefficients |or^annular flow. 
Assumes von Karman's universal 
velocity distribution analyti­
cally, then simplified. 
TABLE Al.l (continued) 
Classification Investigator C rrelatlon Comments 
VII. Miscella- A. Borclunann,J.967 
neous [120] 
Correlations 
D. Relsblg and 
Liang, 1971 
[54] 
VI. Turbulent E. Shekrilaiize and 
Three Zone Mestvlriiihvill 
Resistance 1972 [111)] 
Correlations 1973 [119] 
(continued) 
5 V  
v*4 
1 + 
'f = wall shear stress 
0.8 
= 0 
klM " 
^2 = f(x) 
P = dlmensldnless temperature coefficient 
Predicts local heat transfer 
coefficient for cond^ns^ng annular 
flow. Assumes von Karman's 
analogy and his universal velocity 
distribution. 
Modification of IV-A for condensa­
tion in an annulus. 
von Karman's integral method used 
to evaluate energy, momentum, and 
mass transfer through a thin 
annular film. Velocity and 
temperature profiles assumed. 
CT> 
6 = film thickness 
c 
C. Vrable et al., 
1974 [46,47,48] 
Re 
eq 
Gd 
? 
15(p/Pcrlt)"°' ,65 a,0.8 p^O.33 eq Modification to III-E for predic­
tion of heat transfer coefficients 
for internally-finned tubes. 
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layer contributes to the overall 
thermal resistance. 
VII. Miscellaneous Correlations - correlations 
for special situations or derived using a 
technique not classifiable with the others. 
The correlations are presented in roughly chronological order 
within each classification. Where appropriate, the average heat 
transfer coefficient was selected for inclusion. Usually, a 
comment is included indicating important assumptions, the antecedents 
of the correlation, assumed flow regimes, etc. An effort has been 
made to standardize th? nomenclature. 
Pressure Loss Studies 
Since condensation is a diabatic process, pressure loss is 
usually studied simulteneously with, but subordinate to, the heat 
transfer study. However, there have been some papers published that 
are more appropriately listed under this heading. 
The usual procedure to predict in-tube condensation pressure 
drop has been to use the correlation developed by Martinelli and his 
co-workers [121,122] ^ Since Martinelli* s model was for annular flow, 
those who think of in-tube condensation taking place with mainly 
annular flow regimes find this correlation particularly satisfying. 
However, Martinelli's work was not based upon in-tube condensation 
data. Therefore, there has been an incentive to investigate in-tube 
condensation pressure drop. Cavallini and Zecchin devoted a paper 
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to the subject [123]. Ueda et al. also considered pressure drop 
extensively [124]. 
Experimental Studies 
As part of this survey of in-tube condensation literature, an 
effort was made to acquire information about past experimental studies 
of the phenomena. This information was used in the process of sizing 
the experimental facility constructed for this effort. The experimen­
tal literature was also searched in an attempt to locate a source 
of low pressure steam horizontal in-tube condensation data. Such data 
were to be used to provide an independent check on the smooth tube 
data obtained during this effort. 
The survey of experimental in-tube condensation literature is 
summarized in Table A1.2. This survey includes tests performed on 
augmented tubes and flow regime studies, as well as the smooth 
tube heat transfer experiments. An attempt was made to accompany 
each entry with the following information: 
The tube orientation from the horizontal, degrees (") 
The condenser length, ft 
The condenser inteimal diameter, in. 
The range of test fluid pressures at the condenser inlet, psia 
2 
The range of mass fluxes obtained, Ibm/ft hr 
The range of test fluid inlet qualities, % 
2 The range of heat transfer coefficients obtained, BTU/hr ft °F 
2 
The range of heat flux experienced, BTU/hr ft 
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The tube material 
The test fluids 
Where this information was unobtainable, the appropriate column was 
left vacant. All quantities were converted to English engineering 
units. The values of the parameters given in this table are 
approximate and only are intended to suggest the ranges of the 
parameters tested. 
TABLE Al.2 
SUMMARY OF IN-1U1)E CONDENSATION EXPERIMENTAL INVESTIGATICMS 
Orienta­
tion From 
Horizontal 
Degrees 
Condenser 
Length 
(:t. 
Condenser 
I.D. 
in. 
Inlet 
Pressure 
psia 
Mass Flux 
Ibm 
Inlet 
Quality 
% 
h 
BTU 
Heat Flux 
BTU 
Tube 
Material 
Condensing 
Medium Investigators hr ft^ hrft^op hr ft^ 
Tepe & Mueller, 
1947 [125] 0, 15, 90 3.0 0.75 
12,000-
65,000 100 
580-
1100 
3600-
110,000 Cu CgHg. CH^ O 
Carpenter & 
Colbum, 1951 
[81] 90 l(.0 0.46 >360 >500 Cu 
HgO, 
Various 
Organics 
Akers, Deans & 
Grosser, 1959 
[71 0 9.5 0.62 
240-
550 
12,000-
320,000 
~100 100-
400 S.S. R-12, CgHg 
Akers & Rosson, 
1960 [85] 0 1.0 0.5 
25-
400 
700-
290,000 Cu R-12, CH^O 
Altaian et al., 
1960 [92] 0 l).0 0.34 
210-
310 
220,000-
630,000 9-100 
310-
2600 Cu R-22 
Kutateladze, 
1961 [93] 0 3.7-13.0 0.39-1.40 21-1300 >100 
500-
3700 
614-
340,000 
S.S., 
Brass H^O 
Myers & Rosson, 
1961 [107] 0 :i.o 0.5 18, 27 
120-
24,000 ~100 
650-
1400 Cu CH^O 
Ananlev ec al., 
1961 [84] 0 39.0 0.51 
180-
1400 
77,000-
460,000 -100 
1900" 
5500 
13,000-
71,000 S.S HgO 
Chato, 1962 [95] 0, others •AA 0.57 180-330 Cu R-113 
Rosson & Myers, 
1963 [8] 0 0.49 25-850 
140-
6300 S.S. CH4O 
Boyko & 
Kruzhllin, 1967 
[6J 0 8.0-28,0 0.5-0.8 
180-
1300 
27,000-
1,300,000 20-100 >6700 
48,000-
500,000 S.S. HgO 
Table Al.2. Continued, 
Orienta- M^gg piux 
tlon From Condenser Condenser Inlet Inlet 
Horizontal Length I.l). Presiiure 5- Quality 
Investigators Degrees 
Goodykoontz & 
Brown, 1967 (14] 90 
ft. 
8 . 0  
in. 
0.29 
psi.a 
27 44 
lir ft 
610,000-
1,080,000 
% 
h 
BTU 
Heat Flux 
BTU 
Tube Condensing 
hrft^°F hr £t^ Material Medium 
>100 
200-
3300 
7500-
20,000 Cu R-113 
Goodykoontz & 
Dor sell, 1967 
[21] 90 
Isachcnko & 
Salomgoda, 1968 
[108] 90 
Bae et al., 
1968-1971 [115] 0 
Miropol'skiy & 
Charyev, 1970 
[87] 90 
Smith, 1969 [126] Loop 
0 
Salujn & Arora, 
1970 [127] 
Soliman & 
Berenson, 1970 
[68]  
Azer et al., 
1971 [15] 
Kosky & Staub, 
1971 [16] 
Nilsson, 1971 
[128] 
0, 90 
0, 1, 3 
8 .0  
5.3 
18.0 
0.7 
21 .0  
8 . 2  
5.9 
8 .0  
7.2 
6.6, 33.0, 
47.0 
0.29 
0.39 
0.49 
0 .21  
0.076 •0.23 
0.5 
0.16,  
others 
0.5 
0.5-2.5 
0.47 
15-39 
15-87 
100-300 
58 
110-160 
7-30 
120-200 
66,000-
340,000 
150,000-
350,000 
103,000-
300,000 
520,000-
760,000 
58,000-
240,000 
100,000-
330,000 
2000-
110,000 
>100 
~100 
2:100 
0-100 
~100 
-100 
-100 
-100 
-100 
970- 21,000-
23,000 710,000 
110,000-
130,000 
140-
1900 
270-
1100 
63-
1000 
1600-
16,000 
2500-
8500 
2700-
20,000 
2500- 32,000 
20,000 250,000 
2700-
12,000 
S.S. HgO 
Brass H^O 
Ni R-12, R-22 
Cu 
Cu 
HgO 
Teflon HgO 
R-12 
Quartz R-113 
Brass R-12 
Cu HgO 
500-
6300 R-22 
Table Al.2. Continued, 
Orienta- Mass Flux 
tlon From Condenser Condenser In let 
Horizontal Length I.D. Pressure j 
Investigators Degrees Et in. psia hr ft 
Prince, 1971 600-
[45] * 0 3.0 0.88 15-25 3600 
Reisblg Ct Liang, 160,000-
1971 [54]* 0 •50.5 0.38, 0.28 90 700,000 
Traviss et al., 120,000-
1971-72 [116] 0 14.5 0.32 100-300 460,000 
Shekrlladze & 
Mestvlrishvili, 
1972 [118] 90 1.0 0.75 
Soliman & Azer, 19,000-
1972 [69] 0 8.3 0.5 90-127 220,000 
Uoda et al., 20,000-
1972 [124] 90 5.6 0.94 41 51,000 
Clark et al., 1200-
1973 [129] 0 8.0 -2.0 1.7-35 8400 
Yusufova & 
Neïkdukht, 1973 
[110] 0 25.0 1.0 
Connell et al., 
1974 [100] 0 8.0 1.5 
Cavalllnl & 
Zecchin, 1974 
[49] 90 5.8 0.79 
Miropol'skly 
et al., 1974 300,000-
[130] 0 0.11-0.39 58-3100 3,000,000 
^INCLUDES DATA FOR AUQIENTEI) SURFACES 
, h Heat Flux 
XnlGt UTIÎ RTII 
Quality A— j Tube Condensing 
% hrft °F hr ft Material Medium 
700- 5000-
~100 3000 25,000 Cu-Ni HgO 
500- Al, 
60-98 60-700 2500 Glass R-12 
211- 1100-
2-100 3200 27,000 Cu R-12 
Cu HgO 
2500-
>100 17,000 Cu R-12 
1600-
>100 5100 Brass HgO 
970- 4000-
~100 3100 30,000 Cu-Ni HgO 
Steel Gasoline 
Cu HgO, CH^O 
R-11, R-21, 
31-100 R-114 
>100 HgO 
W 
Table Al.2. Continued. 
Orienta­
tion From Condenser Condenser Inlet 
Horizontal Length I.D. Presmire 
Investigators Degrees ft. in. psin 
Reisbig, 1974 
[53] * 0»90 50.5 
Ueda et al., 1974 0 5.3 
[131] 
Vrable, 1974 
[46] 0 21.0 
0.38 
0.55 
0.305, 
0.430 
Mass Flux 
Ibm 
hr ft^ 
220,000-
115-315 660,000 
40 
95-295 
110,000-
300,000 
64,000-
630,000 
Inlet 
Quality 
h 
BTU 
hrft'°F 
Heat Flux 
BTU 
2 
hr ft 
Tube Condensing 
Material Medium 
80-100 20-2000 
>100 
230-
>100 1400 
A1 R-12 
40,000-
170,000 Brass UgO 
240-
10,500 Al R-12 
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APPENDIX 2. 
LITERATURE SURVEY: AUGMENTATION OF CONDENSATION 
Introduction 
Generally, condensation heat transfer presents a thermal resistance 
which is small compared to the other thermal resistances in a system and 
does not contribute greatly to the overall heat transfer resistance. 
Consequently, lowering the heat transfer resistance of the condensation 
process by augmentation does not appreciably lower Lhe overall heat 
transfer resistance for the system. However, there are several instances 
where the heat transfer resistance due to condensation is significant. 
Certain organic vapors possess thermophysical properties which 
result in comparatively low condensation beat transfer coefficients. 
Therefore, in systems designed to condense these vapors, the condensation 
thermal resistance can be appreciable or even dominant. Systems in the 
petro-chemical, chemical, and in the refrigeration and air-conditioning 
industries routinely condense such vapors. Attempts to improve the 
overall heat transfer performance of systems condensing such vapors has 
given rise to interest in condensation augmentation. 
The advent of high performance thermal systems has also encouraged 
interest in the augmentation of condensation. By augmenting those heat 
transfer processess other than condensation which usually present the 
controlling thermal resistance, a condensation resistance can become 
dominant. Under these circumstances, it becomes attractive to augment 
the condensation heat transfer. Such circumstances have been encountered 
during efforts to design more compact heat exchangers, in particular the 
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design of compact marine condensers, small high performance portable 
stills, and power plant resuperheaters. 
Similarly, when another low thermal resistance process provides the 
heat sink for the condensation process, the condensation thermal resis­
tance may be significant. This is often the case where condensation 
is used as a heat source for evaporation. Because thin film evaporation 
can yield very high heat transfer coefficients, the condensation side 
can become the controlling resistance in the system. Hence, in such a 
system, the condensation process is often augmented to lower this resis­
tance and improve overall performance. Evaporative-condensers of this 
sort are of interest in the design of multiple-effect sea water desali­
nation equipment. 
Dropwise Condensation Studies 
Since there are two mechanisms of condensation, filmwise and dropwise, 
attempts to augment condensation have naturally been divided into two 
classifications. Historically, the earliest attempts to augment condensa­
tion were concerned with the dropwise mechanism of condensation. Dropwise 
condensation is highly desirable in systems where the condensation process 
could otherwise present an is-portant thenaal resistance. Typical drop-
wise condensation heat transfer coefficients for steam range from 
2 10,000 - 80,000 BTU/hr ft "f while those for filmwise condensation are in 
the range of 500 - 5000 BTU/hr ft^  "F. 
The cause of these two different mechanisms is the variable wettabili­
ty of various surface-liquid combinations. If the condensed fluid wets the 
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condensing surface, filmwlse condensation will ensue. Unfortunately, 
almost all commonly condensed fluids wet the common condensing surfaces 
when they are clean. Hence, the filmwise mode of condensation is encoun­
tered in almost all Industrially important applications. 
Augmentation of dropwise condensation is limited almost exclusively 
to the promotion of dropwise condensation. Thus, efforts to promote drop-
wise condensation can be thought of as efforts to affect the basic 
phenomenon rather than to augment it. 
The earliest efforts to promote dropwise condensation were concerned 
with the injection of a surface active agent into the vapor or the 
coating of the condensing surface with a similar agent. These agents were 
chosen so as to insure a non-wetting surface. Typical of such agents are 
stearic acid, benzyl mercapton, and dioctadecyl disulphide. While effective, 
these agents are washed off the condensing surface over various periods 
of -time and must be continuously replaced. Furthermore, they may foul or 
otherwise interfere with downstream processes. Efforts continue, however, 
to find other, more enduring promoters and to recover the promoter from 
the condensate stream. 
Numerous studies have been devoted to finding a practical permanent 
non-wetted surface. Teflon coatings and plating with noble metals do 
provide non-wetted surfaces. Unfortunately, plating large surfaces with 
the noble metals is prohibitively expensive. Teflon is less expensive, but 
because of its very low thermal conductivity, it must be limited to a very 
thin coating to avoid introducing another significant thermal resistance 
into the system. Very thin teflon coatings wear off or otherwise degrade 
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In too short a period of time to have many heavy duty industrial 
applications. 
Table A2.1 presents a survey of dropwise condensation literature. 
This survey is by no means complete, rather it is intended to serve as 
a guide to the literature published about this widely investigated phenom­
enon and is included for the sake of completeness. It is to be noted 
that there seems to have been no attempt to promote dropwise 
condensation in tubes. 
Filmwise Condensation Studies 
* 
Attempts to circumvent the barriers to practical dropwise conden­
sation have directed efforts toward the improvement of filmwise conden­
sation. Most early studies were concerned with external finning of con­
denser tubes. In 1952, Gregorig [132] presented theoretical and experimen­
tal results which inspired a sustained effort to augment condensation by 
creation of thin liquid films. In the same year, the Office of Saline 
Water of the United States Department of the Interior was established. 
This organization undertook to reduce the price of potable water distilled 
from seawater, and in doing so, gave purpose and financial support to 
efforts to augment: condensacion. 
Following Gregorig's example, and with encouragement from OSW, many 
efforts to augment filmwise condensation have been undertaken. An attempt 
has been made here to classify and exhaustively survey these efforts. 
Classification of augmentation techniques 
Efforts to augment filmwise condensation can be classified on the 
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TABLE A2.3 
CURSORY SURVEY OF DROPWISE CONDENSATION 
(Literature Listed Chronologically) 
I. Surveys 
Williams et al. 1968 [133] 
Graham and Aemi 1970 [134] 
Griffith 1973 [135] 
II. Renewable Promoters 
Brit et al. 1959 [136] 
Oswcnt St al. 1962 [137] 
Tanner et al. 1965 [138] 
Bromley et al. 1968 [139] 
Wilmshurst and Rose 1970 [140] 
Iltscheff 1971 [141] 
III. Permanent Promoters 
Depew and Reisbig 1964 [142] 
Edwards and Doolittle 1965 [143] 
Erb and Thelen 1965 [144] 
Bromley et al. 1968 [139] 
Erb et al. 1970 [145] 
wilmshurst and Rose 1970 [140] 
Iltscheff 1971 [141] 
Ponter and Diah 1974 [146] 
Wilmshurst and Rose 1974 [147] 
IV. General Considerations of Dropwise Condensation 
Griffith and Lee 1967 [148] 
O'Bara et al. 1967 [149] 
Miklc 1969 [150] 
Reisbig and Lay 1970 [151] 
Hurst and Olson 1973 [152] 
Horowitz and Mikic 1974 [153] 
Nijaguna and Abdelmessih 1974 [154] 
Reisbig 1974 [155] 
Takeyama and Shimuzu 1974 [156] 
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basis of their augmentation techniques. Such a classification is both use­
ful and natural. It is natural because efforts to augment filmwise 
condensation generally are concerned with a particular technique. It is 
useful because it aids a designer or experimenter in locating previous 
efforts most pertinent to the technique of interest and because it indicates 
where efforts have been concentrated. 
A further distinction is made between internal and external condensa­
tion. This distinction is made because there are differences between the 
two which greatly affect the condensation process and, hence, the effective­
ness of various augmentation techniques. External condensation generally 
is well-drained and takes place under conditions where the vapor is 
nearly bulk stagnent; thus, shear forces are small. Vapor condensing 
internally is generally moving with appreciable velocity and significant 
shear forces result. Further, internal condensation may not be as well-
drained as external condensation. 
Augmentation techniques can be divided into three major groups: 
passive techniques, active techniques, and combined techniques. Active 
techniques are those which require external or auxiliary power; passive 
techniques do not. Combined techniques use more than one distinct method 
to augment. 
Within each of these groups, the augmentation techniques can be 
ordered further. Grouped under passive techniques are surface promoters, 
displaced promoters,and vortex generators. Surface promoters include 
treated surfaces, roughened surfaces, and extended surfaces. 
Treated surfaces are surfaces to which some additional material has 
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been affixed, usually intermittently spaced, for the purpose of promoting 
drainage. A roughened surface is a surface which, itself, has been modi­
fied in some way and upon which the modifications are of a small scale. 
Heat transfer enhancement is by extended surface and turbulation. 
Extended surfaces are gross deformations of, or additions to, the 
nominal configurations. Such modifications are classed as corrugated, 
finned, or fluted surfaces. Corrugations and flutes are generally 
straight or helical indentations created on the surface. These tech­
niques are designed to enhance heac transfer through a combination of 
improved drainage, extended surface, and induced turbulation. A distinc­
tion is made between corrugated and fluted surfaces on the basis of scale. 
Flutes are deformed more severely, but the distinction is a matter of 
degree and more for convenience than a reflection of some fundamental 
principle. Finned surfaces are surfaces mounting fins of classical 
profiles designed to augment heat transfer mainly by extending the 
surface area and inducing turbulence. Again the distinction is drawn 
mainly for convenience. 
Displaced augmentation devices are generally turbulators not in 
direct contact with the surface. Vortex generators are devices or layout 
schemes designed to create a swirl flow which will improve heat transfer 
principally by inducing turbulence and higher velocities. 
Non-standard geometry schemes are designed to passively augment 
condensation by manipulating various forces involved in the condensation 
process. Augmentation is usually the result of favorable distribution or 
acceleration of the condensate film. 
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The active techniques are grouped into two categories: body force 
enhancement and direct mechanical techniques. Body force enhancement 
creates or increases body forces on the fluid, and augments the heat 
transfer by favorably redistributing or accelerating the flows. Body 
force enhancement is accomplished by imposing external electrostatic, 
electromagnetic, or centrifugal fields. 
Direct mechanical techniques are vibration and condensate removal 
by suction or wipers. Vibrational techniques augment condensation by 
shaking the fluid or the surface, or both, to induce turbulence. With 
large vibrational intensities the condensate is shaken off the surface. 
Condensate removal augments the condensation heat transfer by reducing 
the thickness of the condensate layer, and hence, the primary thermal 
resistance. 
Survey of augmentation literature 
FilsTJise condensation literature is listed in Table Â2.2- All of 
the filmwise literature surveyed for this effort is presented and classi­
fied according to augmentation techniques and as to whether the conden­
sation is affected externally or internally. If a particular report 
meets the criteria of more than one classification, it is entered in the 
table at every location where appropriate. The literature includes both 
experimental, theoretical, and survey reports. 
Survey of augmentation experiments 
In addition to the general survey reported in Table A2.2, those 
reports concerning experimental efforts were considered further. They 
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TABLE A2.2 
SURVEY OF FILMtflSE CONDENSATION AUGMENTATION LITERATURE 
Literature 
Listed Chronologically 
Classification External Internal 
I. Surveys 
A. General Bergles, 1969 [157] 
Bergles, 1973 [158] 
B. Condensation Williams et al., 1969 [133] 
Hoffman and Alexander, 1971 [159] 
Camavos, 1972 [160] 
II. Passive Techniques 
A. Surface Promoters 
1. Treated Surfaces Snow, 1969 [161] 
Brown and Matin, 1971 [162] 
Glicksman et al,, 1973 [163] 
Cary and Mlklc, 1973 [166] 
2. Roughened Surfaces Nicol and Medwell, 1966 [165] 
Kays and Chia, 1971 [167] 
Yorkshire Imperial Metals, 
Ltd., 1973 [168] 
Cox et al., 1970 [166] 
3. Extended Surfaces 
a. Corrugated 
Surfaces Alexander et al., 1970 [169] 
Eissenberg, 1970 [170] 
Cox et al., 1970 [166] 
Prince, 1971 [45] 
Ford and Butt; 1970 [1713 
Frank and Rhinesmith, 1970 
[172] 
Withers and Young, 1970 [173] 
1971 [174,175] 
Alexander and Hoffman, 1971 
[176] 
Kays and Chia, 1971 [167] 
Yorkshire Imperial Metals, 
Ltd., 1973 [168] 
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TABLE A2.2 (continued) 
Classification Internal 
b. Finned Surfaces 
c. Fluted Surfaces 
Katz et al., 1947 [177,178] 
Beatty and Katz, 1948 [179] 
Thomas, 1967 [180] 
Thomas, 1968 [181] 
Thomas and Hayes, 1970 [182] 
Chang and Spencer, 1971 [183] 
Karkhu and Borovkov, 1971 [184] 
Ivanov et al., 1972 [185] 
Riffert et al., 1974 [186] 
Gregorig, 1954 [132] 
Lustenader et al., 1959 [187] 
Nabavian and Bromley, 1963 
[188] 
Lustenader and Staub, 1964 [189] 
Lotz, 1965 [190] 
Alexander et al., 1970 [169] 
Camavos, 1970 [191] 
Elliott and Dukler, 1970 [192] 
Frank and Rhinesmith, 1972 
[172] 
Thomas and Alexander, 1970 
[193] 
[176] 
Markowitz and Bergles, 1971 
[194] 
Markowitz et al., 1972 [195] 
Khan, 1971 [196] 
Milton and Gottzmann,1972 
[50,51] 
Yorkshire Imperial Metals, Ltd., 
1973 [168] 
Zener and Lavi, 1973 [197] 
O'Neill et al., 1971 
[52] 
Prince, 1971 [45] 
Milton and Gottzmann, 
1972 [50,51] 
Yorkshire Imperial 
Metals, Ltd., 19 73 
[168] 
Vrabla et al., 1974 
[46 - 48] 
Reisbig, 1974 [53] 
Cox et al., 1970 [166] 
B. Displaced 
Augmentation Devices 
C. Vortex Generators Shklover and Gerasimov-,^ 1970 
[199] 
Brdlik and Kakabaev, 
1963 [198] 
Brdlik et al.,1971 [200] 
^Very high vapor velocities 
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TABLE kl.2 (continued) 
Classification Internal 
D. Non-standard Geometry 
Active Techniques 
A. Body Force Enhancement 
1. Electrostatic Field 
2. Electromagnetic 
Field 
3. Centrifugal Field 
B. Direct Mechanical 
Techniques 
Suryanarayana and Malchow, 
1975 [202] 
Velkoff and Miller, 1965 [204] 
Chaung and Velkoff, 1970 [207] 
Holmes and Chapman, 1970 [208] 
Didkovsky and Bologa, lî.71 
[209] 
Seth and Lee, 1974 [211] 
Singer, 1964 [212] 
Hickman, 1957 [213] 
Bromley, 1958 [214] 
Birt et al-, 1959 [136] 
Sparrow and Gregg, 1559 
[215] 
Nandapurkar and Beatty, 1960 
[216] 
Sparrow and Gregg, 1960 
[217] 
Clark and Bromley, 1961 
[218] 
Sparrow and Hartnett, 1961 
[219] 
Singer and Preckshot, 1963 
[220] 
Hoyie and Matthews, 1964 [221] 
Astaf'ev and Baklastov, 1970 
[223] 
Nicol and Gacesa, 1970 [224] 
Chandra et al., 1974 [225] 
Hicken and Gamjost, 1971 
[201] 
Prince, 1971 [45] 
Moalem and Sideman, 1975 
[203] 
Choi and Reynolds, 1965 
[205] 
Choi, 1968 [206] 
Jones, 1973[210] 
Weller et al., 1968. 
[222] 
1. Suction Jain and Bankoff, 1964 [226] 
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TABLE A2.2 (continued) 
Classificatloa Internal 
2. Wipers 
3. Vibration 
a. Surface 
b. Fluid 
Frankel and Eankoff, 1965 [227] 
Yang, 1970 [228] 
Lisnhard and Dhir, 1972 [229] 
Murty et al., 1974 [230] 
Lotz, 1965 [190] 
Raben et al., 1961 [231] 
Ksughey, 1965 [232] 
Dent, 1969 [233] 
Dent, 1970 [234] 
Mathewson and Smith, 1963 
[235] 
III. Combined Methods Bromley et al., 1966 [236] Weiler et al., 1968 [222] 
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were examined to determine the features of the augmentation technique, the 
operating conditions of the experiments, and their results. The substance 
of this survey is presented in Table A2.3. 
Table A2.3 incorporates the experimental literature mentioned in 
Table A2.2 and presents this survey in a compact tabular form to facilitate 
its use. Again, if a report meets the criterion of more than one classifi­
cation, it is entered at each appropriate location. 
This survey is similar to Table A2.2 in format. It is divided into 
two major sections separating external from internal condensation experi­
ments. Each section is then divided into categories based on augmentation 
techniques similar to those used for Table A2.2. 
Each entry lists the augmentation techniques, the investigators, 
date of investigation, general considerations, and reported results. Under 
the heading General Considerations, an attempt was made to supply the 
following information: a brief description of the augmentation technique 
and its geometry, the test orientation and whether it was a multiple or 
single unit test, the test fluid and whether the condensation is external 
or internal, the method of cooling, the test fluid inlet pressure, and a 
list of selected critical dimensions. 
Information presented under the heading Reported Results summarizes 
the results of the augmentation experiments. A particular effort was made 
to indicate a quantitative measure of augmentation performance. This 
statement is usually a paraphrase or quote from the paper. Those figures 
marked (est.) were estimated from graphical information presented 
in the paper. 
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Unfortunately, no standard method of establishing a quantitative 
measure of augmentation performance has been agreed to, and many authors 
use different systems. Therefore, no attempt was made to provide a 
standardized measure of augmentation performance for the studies 
presented here because often it is not clear how the author evaluated 
his augmentation performance. 
Another point of confusion arises from the reporting of results in 
terms of the overall heat transfer coefficient (U) in some cases or 
the condensation heat transfer coefficient (h) in others. These quanti­
ties are not directly comparable because an augmentation technique may 
enhance heat transfer on both sides of the surface with consequent 
increases in heat transfer coefficients on both sides. Both of these 
increases are reflected by an increase in the overall heat transfer 
coefficient; thus, the independent effect of one of the coefficients 
cannot be demonstrated using this parameter. Furthermore, some reports 
do not give a quantitative assessment of augmentation performance and 
others give no meaningful assessment at all. Therefore, care must be 
exercised when using Table A2.3 to compare the results of various 
experiments because the figures may not be conroarable. 
Tlie survey presented here is thought to be quite complete. It was 
undertaken to aid in the selection of techniques to augment in-tube 
condensation, but it may also be of use to investigators concerned with 
other matters. A discussion of this survey is included in Chapter 2. 
TABLE A2.3 
SUMMARY OF SOMlî EXPERIMENTAL INVESTIGATIONS ON THE AUGMENTATION OF CONDENSATION 
Technique Investl.gatlon General Considerations Reported Results* 
I. External 
Condensation 
A. Surface 
Promoters 
1. Treated 
Surfaces 
2. Roughened 
Surfaces 
Gllcksoum et al., 
1973 [163] 
Nlcol and Medwell, 
1966 [165] 
Horizontal tubes; steam; outside; 
patches ot Teflon Tape on tubes. 
Tube: 0.5 in. O.D. 
Artlflcally roughened tubes; ver­
tical single tubes; water cooled; 
steam condensed externally. 
Steam Pressure: 14.7-60 psia 
Tubes: 2.0 In. O.D., knurled 
toughness density: 350, 
870, 1730 elem./in. 
Height; 0.0198 In., 0.013 
in.,0.008 in. 
Up to 20 percent increase in h over base 
case with 22 percent of tube covered with 
tape; tape on underside of tube most 
effective. 
Approximately 50 percent Increase in U 
(est.) over base case. 
Kays and Chla, Dimpled plates and tubes; vertical 
1971 [167] single tubus and plates; evapora­
tion cooled; steam or brine con­
densed extiimally. 
Plate: 6 :ln. x 24 In. 
Tube: 2.0 In. O.'D. 
Dimples: oliptical, 0.36 In. x 
0.47 in. depth: 0.125 in., 
triangular pattern 
Plate: h enhanced by 103 percent over 
base case. 
Tube: Enhancement ranges from 70-100 
percent over base case (these 
figures include other surfaces 
tested, dimpled tube: h increased 
by 40-93 percent (est.) over base 
case). 
Base case Is film condensation on a smooth surface ol" the same orientation, unless otherwise noted. 
Technique Inveiitlgation 
3. Extended Surfaces 
a. Corrugated 
Surfaces 
Alexander et al., 
1969 1169] 
Elssenberg, 
1970 [170] 
Ford and Butt, 
1970 [171] 
Frank and 
Rhlnesmlth 
1970 [172] 
Withers and Young, 
1969 [173] 
1971 [174] 
TABLE A2.3 (continued) 
General Considerations Reported Results 
Spirally corrugated tubes; full size At least twice base case U; relatively 
vertical, evaporator tests; steam or Insensitive to fouling. 
brine condensed externally. 
Inlet pressure: 1-100 psla 
Tubes: 20, 0.125 In. radius grooves, 
10 In. pitch, nominal die.: 
2.0 In. 
Spirally corrugated tubes; large-
scale horizontal multltube test; 
water cooled; steam condensed 
externally. 
Inlet pressure: 3-30 psla 
Tubes: 1.0 In. O.D. 
h 1.9 times base case. 
vo 
O 
Spirally corrugated tubes; single 
horizontal tubes; water cooled; 
steam condensed externally. 
Condensing pressure: 215 psla 
Tubes: 13, 1 in. O.D, 
Spirally corrugated tubes; multi-
tube vertical tube evaporator test; 
steam or brine condensed externally. 
Inlet pressure: 1.5-35 psla (est.) 
Tube: 2.13 in. O.D. 
At least 100 percent Increase in U over 
base case. 
h increased approximately 1.5 to 2.0 with 
respect to base case (these figures Incl. 
those for fluted tubes, 30-60 percent 
(est.) increjse in 0 for corrugated tubes 
over base.case). 
Spirally corrugated tubes; multl- Up to 50 percent improvement In U over 
tube horizontal arrays; water base case. 
cooled; ateam condensed externally. 
Inlet pressure: 1.0-14.7 psla (est.) 
Tubes: 0.625 In. and 1.0 In. O.D. 
Helix pitch: 0.25 in., 0.25 in. 
Helix depth: 0.033 In. and 0.031 in., 
respectively 
TABLE A2.3 (continued) 
Technique Investigation General Considerations Reported Results 
a. Corrugated 
Surfaces 
(cont'd) 
Alexander and Hoffman, 
1971 [176] 
Kays and Chla, 
1971 [167] 
Longitudinally and spirally corru­
gated tubes; single vertical evapo­
rator tube; steam condensed exter­
nally; atmospheric conditions. 
Tubes: 6, 1.25 in.-2.0 in. O.D. 
Helix pitch: 0.125 in.-0.58 in. 
Helix dcipth: 0.025 in.-0.089 in. 
h increased at least: a factor of two above 
the base case (this also Includes other 
surfaces tested; 70-180 percent (est.) 
increase in U over base case for corrugated 
tubes). 
Plate: Longitudinally corrugated plates 
and tubne; vertical single tubes 
and plaizes; evaporation cooled; Tube: 
steam or brine condensed externally. 
Plate: 6 in. x 24 in. formed by 
splitting 28 ridge tube 
Tubes: 2.0 in. O.D. 
Number oi: ridges: 28 and 40 
Ridge height : 0.041 in. and 0.038 
in. 
Inter-rldge spacing: 0.244 and 
0.157 in. 
h 4 or 5 times greater than base 
case 
Enhancement range from 70-100 per­
cent over base case (these figures 
incl. values from other surfaces 
tested, for corrugated tubes, h 
Increased 30-80 percent over base 
case). 
Yorkshire Imperial Spirally corrugated tubes; single Ratio of augmented h to base case h » 
Metals, Ltd., and muli;itube horl. arrays; water 1.2 (est.). 
1973 [I138] cooled; «team condensed externally. 
Inlet pressure: 2.0 psia 
Tubes: various, 0.625 in.-1.0 in. 
O.D. (est.) 
Helix depth: 0.07 in. max. 
Technique Investigation 
b. Finned 
Surfaces 
Katz et al., 
1947 [177] 
i Katz et al., 
1947 [178] 
Beatty and Katz, 
1948 [179] 
Thomas, 
1967 ( L80] 
TABLE A2,3 (continued) 
General Considerations Reported Results 
Clrcumferentlally externally finned 
tubes; single horizontal; water 
cooled: R-12 condensed externally. 
Tubes: 0.30 in.-0.892 in. I.D., 
3,84-16 fins/in. 
Fin height: 0.052 in.-0.327 in. 
Area ratio outside to inside: 0.898-
4.518 
Clrcumferentlally externally finned 
tubes; multitube shell and tube 
horizontal heat exchanger; water 
cooled; R-12 condensed shell side. 
Condensing pressure: 81,6-124.8 
psia 
Tubes: 0.666 in, I,D,, 16 fins/ In, 
Fin height: 0,0625 in, 
Circuml'erentially externally finned 
tubes; cingle and multltube horl, 
arrays; water cooled; 6 non-aqueous 
fluids condensed externally. 
Tubes; 0.528 in.-0.683 in. I.D., 
6.5-15.4 fins/In. 
Fin he:t(',ht: 0.058 In.-0.341 In. 
Wire wrapped smooth vert, tube; low 
pressure steam condensed externally. 
3-12 wires parallel to tube axis, 
4 wires spirally wrapped. 
Tube: 0.56 in, O.D. 
Wires: 0,031-0.062 in. diameter, 
aluminum or stainless steel 
wires; wires intermittently 
tack-welded In place 
No comparisons with base case reported. 
No comparisons with base case reported. 
H 
vO 
M 
A finned tube having 2.45 times the outside 
area of the base case condensed 2.3 times 
as touch R-22, 
136-455 percent Increase in h over base 
case; h Increased as number of wires 
increased. 
Technique Inveatlgatlon 
b. Finned 
Surfaces 
(cont'd) 
Thosias, 
1968 [161] 
Thomas end Hayes, 
1970 [102] 
Chang and 
Spenccir 
1971 [1113] 
Karkhu and 
Borovkov 
1971 [1134] 
TABLE A?-.,3 (continued) 
General Considerations Reported Results 
Exterior longitudinal rectangular 
fins loosely clamped to tubes; 
single vertical tubes; water cooled; 
steam condensed externally. 
Inlet pressure: 19-20 psia 
Tube: 0.56 in. O.D. 
Fin height: 0.0625 In.-0,125 In. 
Thlcknesji: 0.008 in.-0.0625 In. 
Number of fins: 4, 12, and others 
h Increased by more than a 
base case. 
factor of 9 over 
External rectangular longitudinal 
fins clattped to tubes; single vert, 
tubes; water or evaporation cooled ; 
inside: smooth and enhanced; steam 
condensed externally. 
Tube: 0.5 in. O.D., 12 fins 
Height: 0.125 In. 
Thlckneaii: 0.013 in. 
Ratio of augmented U to base case U: 
Water cooled smooth: 1.83-2.86 
Water cooled enhanced: 2.17-3.31 
Evaporation cooled, enhanced: 3.17-11.3 
Externally ribbed tubej single vert, 
tube; wai:c!r cooled; R-12 condensed 
In presence of N2, Hg, CO2 exter*-
nally. 
Tube: 0.394 in. O.D. 
Ribs: 0.059 in. minor diameter 
0 rings slipped over tube 
Spacing: 1.0 in 
Externally finned tubes; circular 
trapezoidal fins; single horizontal 
tubes; acimm aid R-113 condensed 
externally. 
Absolute vapor pressure: 16 psia 
(est.) 
Tubes : 4, 0.335 in.-0.354 in. O.D. 
Fin heigUl:: 0.036 in.-0.081 In. 
Inter-fin spacing: 0.055 in. -
0.079 in. 
For pure R-12, h Increased 5-10 percent 
over base case for film R_ <50, and 5-10 
percent decrease in h for film Rg >50. 
In the presence of non-condenslbles, ribs 
increase h 
for film Rg >50. 
for film Rg <35 and decrease h 
Vapor condensation rate Increased 50-100 
percent over base case. 
Technique Investigation 
b. Finned 
Surfaces 
(cont'd) 
Ivanov et al., 
1972 [185] 
c. Fluted 
Surfaces 
Gregorlf; 
1954 [132] 
Lustenader et ali., 
1959 [1(17] 
Nabavlan and 
Bromley 
1963 [1118] 
TABLE A2.3 (continued) 
General Considerations Reported Results 
Externally finned circular tubes; Average heat transfer from R-12 condensed 
horizontal multitube arrays; water on tubes Is much higher than that predicted 
cooled; R-12 condensed externally. from the Nusselt formulas. 
Saturation pressure: 108-177 psla 
Tubes: 3, 0.63 ln-0.65 in. O.D. 
Fin height: 0, 0.059 in.. 0.089 In. 
Fin pitch: 0, 0.078 in., 0.039 in. 
Externally fluted tubes; straight 
longitudinal flutes; single vert, 
tubes; slieam condensed externally. 
Condensing pressure : 14.7 psia 
Tube: 0.75 in. O.D. 
Number of flutes : 29 
Flute height: 0.023 in. 
Externality fluted tubes; straight 
longitudinal flutes; single vert, 
tube; evaporation cooled; steam 
condensed externally. 
Saturation pressure: 1.7-14.7 psia 
Tube: 3.0 in. O.D. 
Number of flutes: 162 (est.) 
Flute height : 0.034 in. 
Externally fluted tube; circumfer­
ential flutes; single hori. tube; 
water cooled ; steam condensed 
externally. 
Saturation pressure: 0.15-1.8 psia 
Tube: 0.380 in. O.D. 
Flute height: 0.080 in. 
Inter-flute spacing: 1 to 
0.125 in. 
Film h approaches that for dropwise h 
(200 800 percent (est.) increase of h over 
base case). 
h approximately 4 times larger than base 
case. 
H 
v£) 
f-
No comparisons presented. (This paper was 
concerned with determining interfacial 
resistance, but used a Gregorig type sur­
face in a unique manner to obtain high h). 
Technique Investigation 
c. Fluted 
Surfaces 
(cont'd) 
Lustenader and 
S taut, 
1964 [139] 
Alexander et al., 
1969 [169] 
Carnavos, 
1970 [191] 
Elliott and Dukler, 
1970 [192] 
TABLE A%.3 (continued) 
General Considerations Reported Results 
Externally fluted tubes; straight 
longitudinal or circular flutes; 
vert, or horl. single tubes; water 
cooled (siiflie runs with twisted-tape 
Insert); steam condensed externally. 
Condensing; pressure: 0.55-18.5 psia 
Tubes: 0.625 in O.D. 
Inter-flute spacing: 0.051 in. 
Externally fluted tubes ; straight 
longitudinal flutes; full-size 
vert, tube evaporator tests; evapo­
ration cooled; steam or brlnp 
condensed externally. 
Tubes: 8 types, 3.0 in.-3.1 in. 
nominal diameter, 80-84 
GE profile No. 9 flutes 
Flute height: 0.042 in. 
Inter-flute spacing: t to t : 
0.115 in. 
Externally fluted tubes ; straight 
longitudinal flutes; vert, tubes; 
evaporation or water cooled; brine 
condensed externally. 
Condensing pressure: 2.3-9.5 psla 
Tubes: 3.0 in. nominal O.D. 
Type: ORML #9/80/80, ORNL #7/90/85 
Externally fluted tubes; straight 
longitudinal flutes; single vert, 
tubes; evaporation cooled; steam or 
brine condensed externally. 
Tubes: 2.0 in., 3.0 in. nominal 
diameter profile 9 flutes 
Inter-flute spacing: 0.118 in. 
U Increased 1.7-2.7 (est.) times base case 
(no Insert). U increased 2.6-2.8 (est.) 
times base case (Insert). 
Performance levels at least several times 
better than base case are attainable. 
No comparisons with base case reported. 
h 3-5 times higher than base case. 
TABLE A2.3 (continued) 
Technique Invest:lgatlon General Considerations Reported Results 
Fluted 
Surfaces 
(cont'd) 
Frank and Rhlneamith, 
1970 [172] 
Thomas and 
Alexander, 
1970 [193] 
Alexander and 
Hoffman 
1971 [176] 
Markowltz and 
Dergles 
1971 [ :194] 
alE'.o 
Markowltz et al. 
1972 [195] 
Externally fluted tubes; straight 
longitudinal flutes; multltube vert, 
evaporator tests; steam or brine 
condensed externally. 
Inlet pr<3i}8ure: 1.5-3.5 psla (est.) 
Tube: 3.0 In. O.D., GE profile 
No. 9 flutes 
Externally fluted tubes; Improved 
longitudinal flutes; single vert, 
tube; evaporation cooled; steam 
condensed externally. 
Condensing pressure: 14.7 psla 
Tube: 2.0 in. nominal O.D. 
Flute height: 0.040 in. 
Flute width: 0.030 in. 
Inter-flute spacing: 0.125 in. 
Doubly fluted tubes; straight longi­
tudinal flutes; vert, single tube; 
evaporation cooled; steam condensed 
externally. 
Condensing pressure: 14.7 psla 
(est.) 
0. D. 
0.116 in.-
0.126 in. 
Number of flutes: 50-54 
Flute height: 0.033 in.-0.042 in. 
Tubes: 3, 2.0 in. 
Inter-flute spacing: 
Fluted plate; two sets of undula­
tions perpendicular to grooves; hori. 
plate; va ter cooled; water and R-113 
condensed on underside of plate. 
Condensing pressure: 15 psla 
Plate: 5.75 In. x 5.75 in. 
Number of grooves: 18 
Groove radius: 0.125 in. 
Intergroove spacing: 0.295 in. 
Undul. 1adius: 0.015 in., cont. 
Enhancement factors of approximately 1.5 to 
2.0 with respect to base case. (These 
figures include performaiico of othes 
surfaces tested; 74-87 percent (est.) 
increase in U over base case for fluted 
tubes). 
U 6.2 to 6.8 times greater than base case; 
U 1.6 to 1.8 times greater than conventional 
fluted tubes at maximum feed rate and 
temperature difference. 
vo CTi 
Performance of all tubes at least a factor 
of two above the base case. (This figure 
includes other surfaces tested; 100-200 
percent (est.) increase of U above base 
case for fluted tubes). 
h increased about 80 percent. 
Technique Investigation 
Fluted 
Surfaces 
(cont'd) 
Khan I 
1971 
Milton and 
GoCCzman, 
1972 [50.51] 
Yorkshire Imperial 
metals, Ltd., 
1973 [L68J 
Vortex 
Generators 
Shklover and 
Geiaslmov, 
1970 (199] 
D. Surface 
Vibration 
Raben et al. 
1961 (231] 
TABLE A'A,3 (continued) 
General Considerations Reported Results 
Doubly I:luted tubes; straight long!- No comparisons with base case reported 
tudlnal (lutes; vert, multltube test; (large scale test). 
evaporacJ.on cooled; brine condensed 
externally. 
Tubes: %, 2.0 In.-3.0 In. O.D., for 
% in. tube, number of flutes; 
54 
Flute h<3:lght: 0.042 in. 
Inter-flute spacing: 0.116 In. 
Externally fluted Internally porous 
tubes; straight longitudinal flutes; 
vert, single tubes; evaporation 
cooled; propylene condensed exter­
nally. 
Tube: No details reported 
Doubly fluted tubes; straight longi­
tudinal and spiral flutes; various 
cooling schemes; various fluids con­
densed externally. 
Tubes: 0.625 in.-3.0 in. O.D. 
Number of flutes: 14-75 
Overall performance of more than a five­
fold improvement over base cage has been 
achieved. 
M \o 
h increased by factor of at least 5 com­
pared with base case.. 
Shell end tube heat exchanger; No comparisons with base case reported, 
equipped with tube plate baffles 
design(;d to induce swirl flow over 
tubes; water cooled; steam con­
densed in shell side; low pressure. 
Transversely vibrated single vert. Up to about 55 percent Increase in h above 
tube; steam condensed externally. base case. 
Tube: 1 in. O.D. 
Frequency; 22-98 Hz 
Amplitude: 0-HH0.25 in. 
Technique Investigation 
D. Surface Haughey, 
Vibration 1965 [232] 
(cont'd) 
Dent, 
1970 [:n4] 
E. Electrostatic 
Field 
Velkoff and 
Miller, 
1965 [ 204] 
Chaung and 
Velkoff, 
1970 [207] 
Holmes and 
Chapiran, 
1970 [208] 
TABLE Aii.3 (continued) 
General Considerations Reported Results 
Longitudinally vibrated, horizontal 
single tube; water cooled; ethanol 
condensed externally. 
Condensing Pressure: 14.7 psla 
Tube: 0.905 In. O.D. 
Frequency: 0-140 Hz 
Amplitude: ±0-0.059 in. 
Increased heat transfer of 20 percent over 
base case obtained. 
Vertically vibrated single hori­
zontal tube; water cooled; steam 
condensed externally. 
Condensing pressure: 16,5 psla (est.) 
Tube: 0.83 In. O.D. 
Frequency: 20-80 Hz 
Amplitude: 0-0.17 In. 
Maximum of about 15 percent Increase In 
h above base case. 
vo 
Vertical refrigerated plate; R-113 Heat transfer Increased by up to 150 
condensed on plate. percent over base case. 
Plate: 6 In. x 9 in. 
D. C. Field strength: 20-75 kv/cm 
Refrigerated vertical plate; field 
established between plate and an 
electrode in front of plate; frost 
formed on plate from ambient atmos 
phere. 
Plate: 6 In. x 9 in. 
Non-uniform D. C. electric field 
Water or oil cooled plate @ 0", 10°, h increased up to 10 times base case. 
25° from horizontal; R-114 condensed 
on upper surface of plate. 
Plate: 6,0 in, x 1,5 in. 
Non-unifom A. C. electric field 
Mass transfer rate increase of up to 
200 percent was achieved over base 
case. 
Technique Investigation 
E. Electrostatic 
Field (cont'd) 
Dldkovsl; and Bologa, 
1971 [2(19] 
Seth and I.ee 
1974 [2:11] 
F, Centrifugal 
Fields 
Hickman, 
1957 [213] 
Blrt et al., 
1959 [136] 
Nandapurkar and 
Beatty, 
1960 [216] 
TABLE A2.3 (continued) 
General Considerations Reported Results 
Vert, pldte; field established 
between plate and parallel elec­
trode; water cooled; R-113 condensed 
on front of plate. 
Plate: 'i.9 In. x 8.9 In. 
D. C. elfîctrlc field strength: 0-105 
kv/cm 
Two concmitrlc horl. tubes; field 
establlslic.d between them; water 
cooled; K-113 condensed In presence 
of non-condenslbles oh outside of 
inner tube. 
Tube: 1.0 In I.D. 
h increased up to a factor of approximately 
7 (est.) times the base case. 
Electric field can be used to overcome 
effects of non-condenslbles (with no non-
condenslbles h increased 60 percent (est.) 
over base case). 
M3 
vo 
Rotating disks and cones ; evapora­
tion cooled; steam condensed exter­
nally. 
Disk: 4.5 ft diameter 
Cones: 1.5 ft diameter 
Rotational speed: 400-3170 rpm 
Vert, cylinders; evaporation cooled; 
steam condensed externally. 
Cylinders; 6.0 in, 8.48 in O.D. 
Rotational speed: 0-750 rpm (est.) 
Horl. disk; water cooled; ethanol, 
methanol or R-113 condensed on top 
of disk. 
Disk: !i.O in. diameter 
Rotational speed: 400-2400 rpm 
Area of evaporator - condenser diminished 
by factor of 5-10 times for given water 
production rate. 
Substantial increase in U, 
No comparisons with base case reported. 
Technique Investigation 
F. Centrifugal 
Fields (cont'd) 
Clark and Bromley, 
1961 [218] 
Singer .and 
Preclcshot, 
1963 [2;>0] 
Hoyle and Matthews, 
1964 |2:!1] 
Aataf'ev and 
Baklastov, 
1970 (2;>3] 
Nlcol and Gacesa, 
1970 [224] 
Chandra et al, 
1974 D225] 
TABLE A2.3 (continued) 
General Considerations Reported Results 
Hori. rotating disks; multiple effect 
rotating evaporator ; steam condensed 
on under9:We of disk. 
Disks: 4.0 ft diameter 
Number of effects: 30 
Rotational speed: 950 rpm (est.) 
Hori. rotating cylinder; water 
cooled; steam condensed externally. 
Condensing pressure: 24.7-52.7 psia 
Tube: 1.0 in. O.D. 
Rotational speed: 0-6500 rpm 
Hori. rotating cylinder; water 
cooled; steam condensed externally. 
Condensing pressure: 17.3-78 psia 
Cylinders: 4 in., 8 in., 10 in. O.D. 
Rotational speed: 0-1500 rpm 
Hori. rotating disk; water cooled; 
steam condensed on top of disk. 
Steam supply pressure: 14.2 psia 
Disk: 8.3 in. (est.) 
Rotational speed: 0-2500 rpm 
Vert, rotating cylinder; water 
cooled; steam condensed externally. 
Steam supply pressure: 14.7-140 psia 
Tube; ].0 diameter 
Rotational speed: 0-2700 rpm 
Hori. rotating square tube; water 
cooled; steam condensed externally. 
Condensing pressure: 14.7 pi»la 
Tube: 1.0 in. x 1.0 in. square 
cross section 
Rotational speed: 0-1950 rpm 
No comparisons with base case reported. 
h increased a maximum of 3 times base 
case. 
h increased up to 250 percent (est.) over 
base case. 
No comparisons with ^ase case reported. 
h increased 4 or 5 times base case values. 
h increased 320 percent over base case. 
N) O O 
Technique Investigation 
G. Combined 
Techniques 
Bromley et al, 
1966 [7 .36]  
II. Internal 
Condensation 
A. Surface 
PtomoLèri3 
2. Roughened 
Surfaces 
Cox et al., 
1970 [;i66] 
TABLE A2.3 (continued) 
General Considerations Reported Results 
Rotating, roughened horl. disk; 
evaporation cooled; steam condensed 
underneath disk. 
Disk: ].0 ft diameter 
Surface finish: Grooved 
Radial Crooves: 0.008 In. deep 
Sanded Surface: Coarse grit sand­
paper 
Grooves Increased h up to 65 percent over 
smooth rotating disk; sanding Increased 
U about 8 percent over smooth rotating 
disk. 
Internally grooved and knurled 
tubes; horl., single, and multi-
tube tents; evaporation cooled; 
brine Internally condensed. 
Inlet pircasure: 1.4-46 psla 
Grooved tubes: 2.0 in. O.D. 
Number of circumferential V-
shaped grooves; 12, per 32 in. 
Circumferential groove depth: 
0.01 In. 
Number of longitudinal grooves; 
8 
Longitudinal groove depth: 0.03 in. 
Radius of longitudinal grooves: 
0.1875 in. 
Number of spiral grooves: 8 
Spiral groove depth: 0.03 in. 
0.05 in. 
Radius of spiral grooves: 0.1875 in. 
0.07 in. 
Pitch: 3.375 In., 5.0 in. 
Knurled tubes: 2.0 In. 0. D. 
Depth: 0.01 in.-0.015 in. 
Both finely grooved tubes showed large 
increases in performance compared to base 
caue; more coarsely grooved tubes, maximum 
of 10 percent Improvement; knurled tubes, 
no obvious advantage; (32 grooves/inch 
tube: 19-36 percent (est.) Increase in U 
ovor base case). 
NJ O 
M 
TABLE A2.3 (continued) 
ïccfmlque Investigation General Considerations 
3. Extended 
Surfaces 
a. Corrugated 
Cox et al., 
1970 [166] 
Prince, 
1971 [45] 
b. Finned 
Surfaces 
O'Neill et al., 
1971 [52] 
Prince 
1971 [45] 
Milton and 
Gottzmann, 
1972 [50,51] 
Spirally corrugated tubes; single 
horl. tube; evaporation cooled; 
brine condensed internally. 
Tubes: O.S.W. supplied 
Spirally corrugated elliptical 
tubes; 2 tubes hori. bundle; evapo­
ration cooled; steam condensed 
internally. 
Inlet pressure: 14.7-25 psla 
Tubes: Crushed 1.0 in. O.D. (no 
other details presented) 
Internally finned, externally 
enhanced tubes; vert, multitube 
shell and tube heat exchanger; 
evaporation cooled; ethylene con­
densed internally. 
Condensing pressure: 2.75 psla 
Tubes : 0.50 in. O.D. 
Number of fins: 24 
Internally ribbed circular tubes; 
2 tube horl. bundle; evaporation 
cooled; steam condensed internally. 
Inlet pressure: 14.7-25 psla 
Tube: 1.0 in. O.D. (no other 
details presented) 
Internally finned externally porous 
tubes; horl. multitube kettle-type 
reboilers; evaporation cooled; ethy­
lene condensed internally. 
Condensing pressure: 295 psla 
Tubes : No details presented 
Reported Results 
Performance approximately the same as 
grooved tubes. 
Factor of 4.1 decrease in heat transfer 
performance from base case. 
No comparisons to base case reported 
(field test report). 
250 percent increase in U over base case. 
U about 4 times the value encountered with 
base case. 
Technique Investigation 
b. Filmed 
Surfaces 
(cont'd) 
Vrable (it al., 
1974 [46-48] 
Relsblg, 
1974 [5:1] 
Fluted 
Surface 
Cox et til, 
1970 [166] 
Vortex 
Generators 
Brdllk and 
Kakabaev 
1963 [108] 
Brdllk (!t al., 
1971 [200] 
TABLE A?. .3 (continued) 
General Considerations Reported Results 
Axial In-tube fins; horl. single 
tubes ; wciter cooled; R-12 condensed 
Internally. 
Tube: 0.5 in. O.D. 
Number of fins: 10 
Fin height: 0.106 In. 
Fin thlclness: 0.019 In. 
Up to 300 percent Increase in h 
over base case due to addition of extended 
surface. 
Axial in-tube fins; horl. single 
tubes; w«ter cooled; R-12 con­
densed Internally. 
Inlet pressure: 115-315 psla 
Tubes: 0.375 in O.D. 
Ratios ol internal area to internal 
area ol' base case: 1.0, 1.5, 2.0, 
2.5, 2.75 
40 percent (est.) increase in h over base 
case. 
InUemaD.y fluted tubes; straight Approximately 10 percent better perfor 
longitudinal flutes; horl. single mance than grooved tubes. 
tubes; evaporation cooled; brine 
condensed Internally. 
Tubes: O.S.W supplied double 
l'].uted. 
Spiral coll of smooth tubes ; major 
axis ver I:. ; steam condensed inter­
nally. 
Spiral coil of smooth tubes; major 
axis vert:.; steam-air mixture con­
densed internally. 
Volume f:action of air: 0.056-0.96 
Number of spirals: 2-5 
Tube: 0.47 in.-0.7 in. O.D. (est.) 
Major diameter: 5.1 in. 
Rate of condensation higher than in 
straight pipes. 
15-45 percent increase in h over smooth 
vertical tube of equal length, small non-
condenslble effect. 
Technique Investigation 
D. Miscellaneous 
E. Fluid 
Vibration 
F. Electrostatic 
Field 
Prince, 
1971 [45) 
Mathewson and 
Smith 
1963 [23!!] 
Choi and Reynolds, 
1965 [20Ii] 
aliio 
Choi, 
1968 [20(i) 
G. Centrifugal 
Field 
Weller el: al., 
1968 [22:!] 
TABLE A2,3 (continued) 
General Considerations Reported Results 
Smooth elliptical tube; externally Enhanced tubes never achieved better heat 
enhanced; 2 tube horl. bundle; evapo- traniifer rates than base case at normal 
ration cooled; steam condensed exter- feed water rates. 
nally. 
Inlet preiiciure: 14.7-25 psla 
Tubes: 0.625 In. O.D. tubing crushed 
to form elliptical cross 
suction. 
Vert, tub»; pulsed vapor; water 
cooled; liiopropanol condensed 
Internally. 
Tube: 1.125 In. O.D. 
Frequency : 
Amplitude: 
50-330 Hz 2 
10-250 Ibg/ft 
Vert, tubij with central electrode; 
R-113 conilcmsed Internally. 
Tube: 1.0 In. I.D. 
Electrode: 0.5 In. 
Electric f.i.eld strength: 5-30 kv/cm 
(est.) 
10-60 percent Increase In heat transfer 
rate above base case. 
Over 100 percent increase In heat transfer 
relative to the base case obtained. 
N> O 4> 
Smooth multltube array Inclined 5° At maximum g, U Increased by a factor of 
to acceleratlonal field; Ng con- 4.24 over base case at one g. 
deneed Inulde tubes. 
Tubes: 0.387 In. O.D. 
Acceleratlonal Field: 1-325 g 
TABLE A?.. 3 (continued) 
Technique Inveatlcatlon General Considérations Reported Results 
H. Combined 
Techniques 
Weller ei: al., Rotated ltii:emally roughened tubes; 
1968 1222] multltube array normal to gravity 
fields; cooled; N2 condensed 
internally. 
Tubes: 0.M75 in. O.D. 
Internal finish: smooth, 0.0045 in. 
layer of 200-350 mesh copper 
siiiUered to tube, 0.008 in. 
layer of 140-270 mesh alumi­
num sintired to tube 
U increased up to 4.5 times over base case 
lit a given g. 
to 
O 
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APPENDIX 3. 
DETAILS OF EXPERIMENTAL FACILITY 
A general description and layout of the experimental facility 
designed and constructed in support of this effort was mentioned 
in Chapter 3 and in Figure 2. The major components and design details 
are now considered here. 
Test Condenser 
The test section for this facility wcs designed to test select 
in-tube condensation augmentation schemes as well as the standard 
case of the smooth tube. It was necessary to provide for rapid 
replacement of the condensing tube to enable several configurations 
to be tested. Methods had to be provided to determine the condensing 
side heat transfer coefficient and the two-phase pressure drop 
through the tube. 
The test condenser consisted of two major components: the test 
condenser annulus assembly and the test condenser tube. The test 
condenser annulus was a tube of larger diameter than any of the test 
condenser tubes tested. The various test condenser tubes were 
inserted into the annulus to form a concentric tube heat exchanger. 
Connections were supplied to provide for coolant flow in the annulus 
and for steam to flow in counterflow within the test tube. 
To provide the greatest possible flexibility in testing tubes of 
various diameters, the test condenser annulus assembly was designed to 
be easily replaced by other outer tubes of various sizes. The use of 
larger outer tubes would permit the testing of larger diameter inner 
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tubes such as those designed for in-tube condensation in horizontal 
evaporator desalinization units (typically 1-1/2 - 2-1/2 in. 
nominal diameter). The use of smaller outer tubes would permit the 
testing of small diameter inner tubes while maintaining the small 
coolant side annular equivalent diameters necessary for high heat 
transfer rates. With this arrangement, the maximum diameter of the 
inner tube would be limited only by the test fluid and coolant 
flow rates available. For the work reported here, only one annulus 
assembly was used for the testing of all the inner test condenser 
tubes. 
Fittings and connections were provided to connect the test 
condenser between the superheater-dryer and the sight glass. The 
fittings and connections were supplied in the proper configurations 
to make these connections with the test section in a horizontal 
position, or at angles of ±10.0° from the horizontal. The test 
condenser tubes were replaced quickly by disconnecting the test 
condenser from the superheater-dryer, withdrawing the old tube, 
and inserting the new one. 
The test condenser tube was equipped with five spacers to seal 
the ends of the annulus-tube assembly and to divide the annular 
tube into four sections. The spacers provided water tight seals by 
means of Heoprene 0-rings and also served to center the tube in the 
annulus. 
The test condenser annulus assembly was equipped with coolant 
inlet and outlet assemblies and three by—passes. The by-passes 
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served to conduct coolant around the three spacers on the test condenser 
tube, which formed the four sections. This enabled the coolant to 
flow from section to section in series. 
These five structures were designed to thermally mix the coolant 
and incorporated three or four thermocouples connected in parallel to 
measure the coolant temperature. They also provided access to the test 
condenser tube when in place and through which instrumentation could 
be passed via packing glands. See Figure 32 for details. 
Near each of the five spacers, the test condenser tube was 
equipped to allow condensation side pressure measurements to be made. 
Each of these five pressure taps was fabricated from a 1/8 in. tube O.D. 
compression fitting. The male straight pipe threads of the congression 
fitting, which engaged the compression fitting nut, were cut from the 
fitting. This threaded portion was then milled, using the side of a 
milling machine cutter of the same diameter as the test tube O.D. The 
milling operation was performed on the freshly cut end of the piece 
with the purpose of providing a good seat between the tube and the piece. 
The piece was then silver soldered into place on the outside of the 
test tube with a high temperature silver solder. Finally a small hole 
(0.025 in. diameter) was drilled inside the piece, through the tube wall. 
The details are illustrated in Figure 33. 
When the test condenser tube was in place, the pressure taps 
were lined up with the ports in the test condenser annulus assembly 
to which the inlet assembly and the by-passes were attached. 
Through these ports, 1/8 in. O.D. copper tubes were attached to the 
threaded piece by means of a brass sleeve and a shortened compression 
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nut in the usual manner. 
Originally, eighteen thermocouples were arrayed along the first 
test condenser tube, spaced every nine inches. It was assumed that 
the high thermal conductivity of the tube wall and the expected high 
levels of turbulence would minimize circumferential variations in 
temperature; thus, one thermocouple at each station would be sufficient. 
This assumption was checked, however. Six additional thermocouples 
were mounted circuaferantially at a station equidistant from each end. 
During the operation of this first test condenser tube, it was 
apparent from these circumferential thermocouples that there was 
significant circumferential temperature variation. Consequently, when 
the first test condenser tube was replaced for other reasons, the second 
tube was equipped differently. 
The second condenser tube was equipped with thirty-six wall 
thermocouples, spaced axially in groups of three at one foot intervals. 
At each station, the three thermocouples were distributed circumferen-
tially with one at the top of the tube and the others at 90® and 180° 
from it. 
The thermocouples were mounted ôn the outside of the test condenser 
tube by first marking the place of attachment with a small hole. The 
hole was drilled using a drill of a diameter slightly larger than the 
thermocouple bead. The hold was drilled to a depth slightly deeper 
than the diameter of the bead. The thermocouple was attached by 
soldering the pre-formed thermocouple bead into the hold with a low 
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temperature silver solder. See Figure 34 for details. 
The thermocouple leads were mechanically anchored to the tube 
with several small pieces of bare copper wire spaced about one foot 
apart. Then the point of attachment was mechanically strengthened 
with epoxy. 
To reduce lead conduction error, the thermocouple leads could 
have been buried in the tube wall by milling a channel and epoxying 
the leads into it. Unfortunately, this did not prove to be practical 
because the internally-finned tubes did not have adequate wall 
thicknesses. Therefore, the thermocouple leads were tightly bound to 
the tube wall. They were wired in place with 20 or 24 gauge bare copper 
wire. The wrapping density was four or five strands per inch and 
approximately the 8 - 10 in. of thermocouple lead nearest the bead 
were wrapped. This assembly was then anchored by running a bead 
of epoxy along the wrapped portion of each lead. Sufficient epoxy 
was applied to cement the leads to the tube and provide an insulating 
layer of epoxy between the leads and the coolant of approximately 
1/16 in. Excess epoxy was removed. 
This technique required that the epoxy be applied with care. 
Since there were three thermocouples at each station, a sheath of 
epoxy could be formed around the tube if an excess of epoxy were used. 
This sheath could insulate the regions near the thermocouple bead 
resulting in the measurement of excessively high wall temperatures. 
To avoid this problem, it was necessary to remove the excess epoxy 
by mechanical means. The epoxy used for the above operation was 
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"Devcon Plastic Steel B." 
The details for the location of all Instrumentation for all the 
test condenser tubes are given in Table A3.1. Table A3.1 also includes 
the dimensions used to construct each tube. Figure 35 indicates the 
instrumentation layout and refers to Table A3.1 for dimensions. The 
nominal radial positions of the thermocouple beads were taken as 
the outside diameter of the tube. 
Test Fluid 
For the experimental portion of this effort, steam was chosen 
for the test fluid. Steam was selected because of its ready 
availability and popularity as a condensing fluid, when operating with 
steam, the facility was operated in the open-loop mode. The steam, 
generated at the University Power Plant, was Introduced into the loop 
from an existing building utility main. It was supplied to the main, 
saturated at 90 psig with a quality approaching 100 percent. Due to 
line losses, the steam at the inlet to the facility was at a temperature 
of about 320°F and was slightly superheated. 
The steam, as supplied, was very clean and impurity free. The 
steam was generated from the same boiler feed water used for the Power 
Plant's closed power cycle and so meets Industry standards for high 
performance boiler service. À corrosion inhibitor was not added at 
the Power Plant. 
The only preparation performed before the steam entered the test 
condenser was to pass it through a screen strainer (Hoffman Series 
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TABLE A3.1 
INSTRUMENTATION LOCATION 
All Linear Dimensions In Feet, All Angles In Degrees 
Test Condenser Tube 
n #3 £4 #5 £6 ^ 
0.000 0.000 0.000 0.000 0.000 0.000 
2.992 2.992 2.992 2.995 2.995 2.995 
5.982 5.982 5.982 5.990 5.990 5.990 
8.969 8.969 8.969 8.984 8.984 8.984 
11.979 11.979 11.979 11.974 11.974 11.974 
12 *3 «4 #5 «6 91 
0.063, 90 0.063, 90 0.063. 90 0.068, 90 0.073, 90 0.073, 90 
3.073, 90 3.073, 90 3.073, 90 3.099, 90 3.099, 90 3.099, 90 
6.081, 90 6.081, 90 6.081. 90 6.083, 90 6.083, 90 6.083, 90 
9.068, 90 9.068, 90 9.068, 90 9.078, 90 9.078, 90 9.078, 90 
12.083, 90 12.083, 90 12.083. 90 12.089, 90 12.089, 90 12.089, 90 
02 (3 «4 #5 U »7 
0.500, 0 0.500, 0 0.500, 0 0.500, 0 0.500, 0 0,500, 0 
0.500, 90 0.500, 90 0.500, 90 0.500, 90 0.500, 90 0.500, 90 
0.500, 180 0.500, 180 0.500, 180 0.500, 180 0.500, 180 0.500, 180 
1.500, 0 1.500, 0 1.500, 0 1.500, 0 1.500, 0 0.500, 0 
1.500, 90 1.500, 90 1.500, 90 1.500. 90 1.500, 90 1.500, 90 
1.500, 180 1.500, 180 1.500, 180 1.500, 180 1.500, 180 1.500, 180 
2.500, 0 2.500, 0 2.500, 0 2.500, 0 2.500, 0 2.500, 0 
2.500, 90 2.500. 90 2.500, 90 2.500, 90 2.500, 90 2.500, 90 
2.500, 180 2.500, ISO 2.500, is: 2.500, 150 Z.3ÛÛ, 150 Z.500, 150 
5.500. Û 3.500, 0 3.500, 0 3.500, 0 3.500, 0 
3.500, 90 3.500. 90 3.500, 90 3.500, 90 3.500, 90 3.500, 90 
3.500, 180 3.500. 180 3.500, 180 3.500, 180 3.500, 180 3.500, 180 
4.500, 0 4.500. 0 4.500, 0 4.500, 0 4.500, 0 4.500, 0 
4.500, 90 4.500. 90 4.500, 90 4.500, 90 4.500, 90 4.500, 90 
4.500. 180 4.500, 180 4.500, 180 4.500, 180 4.500, 180 4.500, 180 
5.500, 0 5.500, 0 5.500, 0 5.500, 0 5.500, 0 5.500, 0 
5.500, 90 5.500. 90 5.500, 90 5.500, 90 5.500, 90 5.500, 90 
5.500, ISO 5.500, 180 5.500, 180 5.500, 180 5.500, 180 5.500, 180 
6.500, 0 6.500, 0 6.500, 0 6.500, 0 6.500, 0 6.500, 0 
6.500, 90 6.500, 90 6.500, 90 6.500, 90 6.500, 90 6.500, 90 
6.500, 180 6.500, 180 6.500. 180 6.500, 180 6.500, 180 6.500, 180 
7.500, 0 7.500, 0 7.500, 0 7.500, 0 7.500, 0 7.500, 0 
7.500, 90 7.500, 90 7.500, 90 7.500, 90 7.500, 90 7.500, 90 
7.500, 180 7.500, 180 7.500, 180 7.500, 180 7.500, 180 7,500, 180 
S.500, 0 S.5G0, 0 s.sco. 0 5.5ÛO, 0 Ô.5ÔÛ, 0 6.500, 0 
8.500, 90 8.500, 90 8.500, 90 8.500, 90 8.500, 90 8.500, 90 
8.500, 180 8.500, 180 8.500, 180 8.500, 180 8.500, 180 8.500, 180 
9.500, 0 9.500, 0 9.500, 0 9.500, 0 9.500, 0 9.500, 0 
9.500, 90 9.500, 90 9.500, 90 9.500, 90 9.500, 90 9.500, 90 
9.500, 180 9.500, 180 9.500, 180 9.500, 180 9.500, 180 9.500, 180 
10.500, 0 10.500, 0 10.500, 0 10.500, 0 10.500, 0 10.500, 0 
10.500, 90 10.500, 90 10.500, 90 10.500, 90 10.500, 90 10.500, 90 
10.500, 180 10.500, , 180 10.500, 180 10.500, 180 10.500, . ISO 10.500, 180 
11.500, 0 11.500, , 0 11.500, 0 11.500, 0 11.500, 0 11.500. 0 
11.500, 90 11.500, , 90 11.500, 90 11.500, 90 11.500. , 90 11.500, 90 
11.500, 180 11.500. 180 11.500, 180 11.500, 180 11.500. , 180 11.500, 180 
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SPACER '1 
PRESSURE TAP 'l 
SPACER *2 
PRESSURE TAP '2 
SPACER '3 
PRESSURE TAP '3 
SPACER '4 
PRESSURE TAP *A 
SPACER '5 
PRESSURE TAP #5 
OUTLET 
"9 
INLET 
REFERENCE POINT 
—THERMOCOUPLE 'il, 12, 13 
THERMOCOUPLE *14, 15, 16 
-THBWOCOUPIE '17, 18, 19 
-THERMOCOUPLE '20, 21, 22 
-THERMOCOUPLE '23, 24, 25 
•THERMOCOUPLE '26, 27, 28 
THERMOCOUPLE 29, 30, 31 
THERMOCOUPLE '32, 33, 34 
THERMOCOUPLE '35, 36, 37 
-THERMOCOUPLE '38, 39, 40 
THERMOCOUPLE '41, 42, 43 
-THERMOCOUPLE '44, 45, 
REFER TO TABLE A3.Ï 
FOR DIMENSIONS FOR 
EACH TISE. 
FIGURE 35 GENERALIZED LOCATION OF INSTRUMENTATION 
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#420 "Y" strainer with 20 mesh stainless steel screen) to remove any 
particles entrained during passage through the University steam mains. 
Inspection of the steam side of the inner tubes of the test condenser 
after disassembly revealed no build-up of scale or any other film 
which might modify the heat transfer performance of the tube. Used 
tubes retained essentially the same quality internal finish as ^ Aien new. 
All thermodynamic properties used for calculations concerning 
steam were obtained from the 1967 ASME Steam Tables [237]. This 
reference provided the basis for a subroutine incorporated into the 
various computer codes used during this effort for the calculation 
of these properties [20]. The thermophysical properties used for 
machine computation were obtained from Reference [238]. 
Because several investigations have demonstrated that non-
condensibles in a condensing fluid markedly reduced the heat transfer 
coefficients [239-248], considerable attention was devoted to the 
dissolved air content of the condensing fluid. About three months 
after the start of date production, beginning in June of 1974, the 
non-condensible conteut of the condensing fluid was checked every 
four months. A Seaton-Wilson "Aire-Ometer," model AD-4003 B, was 
used for this purpose. This instrument was charged with condensate 
from a tap built into the experimental equipment for this purpose. 
The average volume of dissolved gases in each of the tests never 
3 3 
exceeded 0.001 cm /cm at one atmosphere and 80°F, the minimum 
resolution of the instrument. This volume of air was equivalent to 
about 1.2 ppm of a unit mass of condensate, which is a mass 
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fraction of 1.2 x 10*. Comparing this mass fraction to the results 
of the study by Sparrow, Mlnkowycz, and Saddy [249], It Is apparent, 
that for forced convection condensation the effect of non-condenslbles 
Is negligibly small. 
Dryer 
Before the experimental equipment was constructed, all indications 
were that the steam available at the laboratory site would be wet. 
Since slightly superheated or dry saturated steam was required, a 
dryer was constructed to insure that the wet saturated steam could 
be dryed or superheated before being Introduced into the test section. 
The dryer was designed and constructed to meet the requirements 
of the ASME Boiler and Pressure Vessel Code, Section I, Part PME, for 
miniature boilers. It was fabricated from copper and brass, and 
it vas vertically mounted on the test condenser stand at the test 
fluid inlet to the test condenser. 
The dryer was fired by a flange mounted Chromalox Type TMI-6 
immersion element designed to deliver 12 kw at 240 volts. Six hairpin 
type electric resistance heaters comprised the element. The dryer 
was equipped with a spring loaded safety valve set to vent at 100 psig. 
Any steam released by the safety valve was conducted to the exterior 
of the building by a 1/2 in. O.D. tube. 
Early in the experimental program, it became apparent that steam 
was being consistently delivered to the laboratory site in a slightly 
superheated state, and the use of this piece of equipment was not 
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required. Therefore, it was nof used during the experimental program 
reported here, but it could be used for closed loop service. 
After Condenser 
In order to determine the test section exit enthalpy and to 
condense completely the test fluid before it entered the test fluid 
flowmeter, an after condenser was installed. The after condenser was 
a conventional four tube pass, shell and tube heat exchanger operated 
with the test fluid on the tube side. The tubes were of admiralty 
2 
metal and provided 12.5 ft of heat transfer surface. The shell end 
caps and the tube sheet were of steel. 
Direct Condenser 
In an attempt to approach a condition of constant temperature 
along the test tube wall, a method of preheating the test condenser 
coolant was provided. Preheating was accomplished by injecting steam 
directly into the coolant line approximately 2 ft upstream of the 
coolant flowmeter and thus heating it by direct condensation. 
This method could raise the coolant inlet temperature slightly 
at high coolant flow rates and produce a slightly flatter wall temperature 
distribution along the tube. The capacity of the direct condenser was 
limited by the steam delivery rates of the building steam main. 
Furthermore, at high rates of injection, operation of the direct 
condenser would lower the maximum test condenser inlet pressure. It 
was useful in extending the range of operation of the experimental 
equipment to test fluid flow rates lower than those obtainable when it 
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was not In use. 
Unfortunately, there were two major objections to the operation 
of this system. The direct condensation of steam produced such large 
amounts of acoustic noise that the operator was required to wear 
ear protectors. It was also possible that the heat transfer processes 
in the test condenser were augmented by the acoustic and mechanical 
vibration accompanying direct condensation. 
The second important objection to this system was the occasional 
production of a vapor plug at the sight of the steam injection when 
the coolant rates were low and injection rates high. The results of the 
creation of such a plug where a blocking of coolant flow and a disruption 
of the experiment in progress. 
In light of its marginal utility, these objections to the use 
of the direct condenser were severe enough to Justify discontinuation 
of its use. Therefore, it was not in use during the acquisition of 
the data reported herein, nor is it pictured on the various schematics 
presented in this report. 
Materials and Miscellaneous Fittings 
Materials used in the fabrication of the facility were selected 
to be compatible with as wide a range of working fluids as possible. 
Conventional copper water tubes and fittings were used wherever possible. 
All piping was hard drawn Type L copper tubing. The test fluid 
side pipe joints were silver soldered with Eutec Rod 1801 (Eutectic 
Corporation) with a tensile strength of 90,000 psi and a working 
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temperature of 1120*F, and the coolant side pipe joits were soldered 
with common 50/50 tin-lead solder. Threaded joints were doped with 
Teflon tape pipe dope. 
Most valves were of conventional configuration and of brass or 
bronze construction. Valves on the test fluid side of the equipment 
were re-equipped with Neoprene or Teflon seals. 
Compression fittings were extensively used throughout the equipment. 
All small diameter tubing used for instrumentation was so equipped. 
Large, 1 in. tube O.D., compression fittings were used wherever easily 
removable sub-assemblies were required. All of the compression 
fittings were of brass construction. The smaller sizes were locally 
obtained, but the large 1 in. tube O.D. fittings were ordered directly 
from their manufacturer: the Weatherhead Company. 
A Hoffman Series #420 "Y" type strainer was installed in the 
steam inlet line. It was equipped with a 20 mesh stainless steel 
screen. 
The flexible portions of the pressure instrumentation lines were 
fabricated from Imperial Eastman "Nylo-Seal F" nylon tubing. "Poly-Flo" 
fittings with brass sleeves were used for the connections. 
The test stand and control panel were constructed using the 
Unistrut system (Unistrut Corporation, Wayne, Michigan) of pre-formed 
channels (series P-1000) and lock nuts. The control paneling was made 
from 1/8 in. thick hard aluminum. 
Coolant lines were insulated with Johns-Manville "Aerotube," having 
3/8 in. thick walls. Test fluid lines were insulated with 1 in. thick 
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wall, heavy density, pre-formed fiberglass insulation on straight runs, 
and all elbows and fittings were insulated with Johns-Manville No. 352 
asbestos insulation. 
Instrumentation 
Flow rate 
During the course of an experiment, it was necessary to measure 
the flow rates of three independent streams: the test condenser 
coolant flow rate, the after condenser coolant flow rate, and the test 
fluid condensate flow rate. These measurements were made with Brooks 
Rotameters. 
Pertinent information about these Rotameters follows: 
Test Condenser Coolant Flowmeter: 
Brooks Rotameter, Type 1110 
Serial Number : 39382 
Tube Nusbsr: RlGM-25-2 
Float Number: 39382, stainless steel (316) 
Range: 3-35 gpm 
Resolution: 0.2 gpm 
After Condenser Coolant Flowmeter: 
Brooks Rotameter, Type 1110 
Serial Number: 23937 
Tube Number: 8-10M-25-2 
Float Number: 23937, stainless steel 
Range: 0-250 mm 
Resolution: 1.0 mm 
Test Fluid Condensate Flowmeter: 
Brooks Rotameter, Type 1110 
Serial Number: 23937 
Tube Number : R-8M-25-2 
Float Number: 8RV-31, stainless steel 
Range: 0—100% 
Resolution: 1.0% 
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The test condenser coolant flowmeter was calibrated in place by 
timing the passage of a known mass of water using a large tank on a 
scale and a stopwatch. Since the coolant water was delivered to the 
flowmeter at an approximately constant temperature of 55°F, which 
would also be the delivery temperature during the experimental program, 
the calibration was performed at only one temperature. Table A3.2 
presents the calibration data and Figure 36 presents the calibration 
curve for this flowmeter. 
The meter readings proved to be very accurate and because the 
meter scale was graduated in meaningful units, the meter reading 
was imputed directly into the data reduction code. This code, then, 
calculated the mass flow rate of the coolant using the proper coolant 
density and a correction factor for the variation caused by the 
difference between the density of the coolant as run and the coolant 
density as calibrated: 
C = (Pf " ^1) 
( P f - P2) 
/ P  2 
(^ 1 ) 
1/2 
wnere: 
Pg = density of the float 
= density of coolant as calibrated 
Pg = density of coolant as run 
Typically, this parameter varied between 0.98 and 1.02. 
The after condenser coolant flowmeter was also calibrated in 
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TABLE A3.2 
CALIBRATION DATA FOR TEST CONDENSER 
COOLANT FLOWMETER 
Flow 
Meter 
Reading 
gpm 
35.0 
29.0 
22.5 
17.0 
14.2 
6 . 0  
3.2 
9.0 
11.3 
15.9 
20.1 
26.0 
32.0 
Actual 
Flow Rate 
gpm 
34.97 
28.94 
22.49 
16.95 
14.33 
6.13 
3.31 
9.03 
11.39 
16.00 
20.13 
26.14 
31.96 
Flowmeter No.: 39382 
Tube No. ; R-l(M-25-2 
Float No.; 39382 
Water temperature; 51,3 "F ±0,3°F 
Net mass of water timed: 1000 Ibm 
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place by timing the passage of a known mass of water. As the source of 
the coolant was the same as the test condenser coolant, it was supplied 
at the same conditions. Therefore, the calibration was performed at 
only one temperature. Table A3.3 presents the calibration data and 
Figure 37 displays the calibration curve for the after condenser flow­
meter . 
A computer code was used to fit a second order polynomial to these 
data. The resulting curve was then incorporated into the data reduction 
code: 
m = -33.582 + 13.591 (SR ) + 0.0072825 (SR 
ac ac ac 
This equation served to convert raw data in the form of the meter reading 
in millimeters directly into mass flow rates in pounds per hour. This 
equation predicted the calibration data with a mavimiiTn error of less 
than four precent. 
The test fluid condensate flow rate was measured with another 
Brooks Rotameter. As with the others, this flowmeter was calibrated 
in placei using water from the coolant main^  by tiding the passage of 
a known mass of water. Table A3.4 presents the calibration data and 
Figure 38 displays the calibration curve, 
A computer code was used to fit a second order polynomial to these 
data. The resultant equation 
m^ j = 30.0146 + 6.8970 (SR^ .) + 0.009484 (SR^ _)^  
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TABLE A3.3 
CALIBRATION DATA FOR AFTER CONDENSER FLOWMETER 
Flowmeter Flow Rate Curve Fit Error 
Reading Ibm/hr % 
mm 
237 , 3546.3 1.4 
238 3390.4 1.6 
223 3451.5 
-2.7 
209 3179.9 
-1.7 
218 3292.7 
-0.5 
201 3001.5 
-0.3 
190 2779.6 1.2 
180 2588.2 2.3 
169 2489.8 
—0.8 
157 2293.9 
—0.6 
149 2173.3 
-0.9 
139 1995.5 0.0 
128 1815.6 0.5 
119 1653.2 2.0 
109 1499.3 2.3 
99 1401.7 
-1.3 
89 1220.1 
78 1964.5 0.6 
70 965.9 
-1.3 
59 797.7 -0.5 
49 670.9 
-3.1 
38 502.9 
-1.9 
117 1668.6 —0.8 
116 1644.7 -0.2 
248 3754.9 0.8 
240 0£00 -I 0.3 
226 3426.5 -0.5 
231 3507.9 -0.4 
98 1317.6 -3.9 
132 1920.6 -1-7 
124 1746.1 1.0 
193 2863.8 -0.1 
153 2234.4 —0.8 
74 1011.2 0.0 
144 2089.5 -0.7 
114 1600,4 -0.6 
136 1952.8 
—0.2 
Flowmeter No.: 23937 Tube No.; 8-10M-25-2 Float No.: 23937 
Water temperature: 50.7°F ±0.5°F Net mass of water timed: 200 Ibm 
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TABLE A3.4 
CALIBRATION DATA FOR TEST FLUID CONDENSATE FLOWMETER 
Flowmeter Flow Rate Curve Fit Error 
Reading Ibm/hr % 
% Max. Flow 
90 743.27 1.0 
91 749.30 2.9 
81 653.39 0.4 
69 554.96 0.7 
60 474.93 0.6 
50 397.77 0.2 
40 3IS.77 0 7 
30 251.22 2.3 
20 175.76 2.3 
10 94.07 6.2 
100 817.37 0.4 
90 732.18 10.3 
Flowmeter number: 23937 
Tube number: R-8M-25-2 
Float number: 8RV-31 
Water temperature: 55°F ±0.5*F 
Net mass of water timed: 200 Ibm 
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matched the calibration data with a maximum error of approximately 
10 percent. Table A3.4 gives the details of the errors. 
The data used for determining the calibration curve was obtained 
with water at 55°F. There was no reason to expect the condensate 
temperature to be near this value during an experiment and some 
consideration would have had to have been given to the temperature 
sensitivity of the measuring instrument. However, early experience 
with the experimental equipment soon demonstrated that the unsteady 
nature of the condensing system was such that the flow rate changed 
randomly over a fairly substantial range in a short period of time for 
experimental runs of high flow rates, that is, with the test fluid 
throttling valves wide open. Consequently, the calibration equipment 
consisting of a weigh tank, scale and timer were left in place and 
used to produce the test fluid flow rate for all of the runs reported 
here. The flowmeter was left in place and used to estimate test 
fluid flow rates when beginning an experimental run. 
In practice, the measurements of the three flow rates were 
satisfactorily made with the equipment described above. Both coolant 
flowmeters remained steady during the course of a run and were easily 
read. The weigh tank system was less convenient, but yielded a very 
accurate average flow rate over the duration of an experiment. 
Pressure 
To make the necessary pressure measurements, the experimental 
facility was equipped with three pressure measuring instruments and the 
necessary manifolding to connect them in a flexible manner. A precision 
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pressuré gauge was installed to measure static pressure at the inlet 
to the test condenser. Design calculations based upon several two-
phase flow models showed that a wide range of pressure gradients 
could be expected through the test condenser. This prompted a 
decision to Install both a mercury-in-glass manometer and a differential 
pressure gauge to measure pressure differences between taps. Beginning 
with the inlet pressure, pressures at each tap were then accurately 
determined from different measurements between them. A mercury-in-
glass barometer was used to determine atmospheric pressure. This 
instrument was consulted once during each experiment. 
Pertinent information about these instruments is as follows : 
Inlet Pressure Gauge: 
Acco Helicoid Gauge: Type 410 test gauge 
Range: 0-100 psi 
Resolution; 2 psi 
Accuracy; 1/4 of 1 percent of scale 
Dial Size: 8-1/2 in. 
Tube Construction; Bronze bourdon tube 
Differential Pressure Gauge: 
Ashcroft Differential Pressure Gauge; No. 1125 
Range: 0-20 psid 
Resolution; 2 psi 
Accuracy; 1 percent of scale 
Dial Size; 6 in. 
Tube Construction; Bronze bourdon tubes 
Differential Manometer: 
Meriam Single Tube Manometer, Model; A-203 
Serial Number; 1693 
Range: 0-30 in. of mercury 
Resolution; 0.5 in. 
Body Construction: Cast steel 
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Barometer: 
H. J. Green Model 4963 
Resolution: 0.001 in. mercury 
ISU Inventory Number: 105157 
Both pressure gauges were equipped with steam siphons. The 
manometer was equipped with a float check valve at the low pressure 
inlet and a return well at the high pressure inlet. 
The inlet pressure gauge was calibrated using an Amthor Dean 
Weight Pressure Gauge Tester, ISU Inventory Number : 148304. Table A3.5 
presents the calibration data and Figure 39 illustrates the calibration 
curve. Since the calibration is very close (although not within 
advertised accuracy) the uncorrected gauge readings were used. 
A pressure manifold was built into the test stand to provide 
flexibility. Any pressure instrument could be switched to any 
pressure tap line, and any combination of differential pressures 
could be measured by either the manometer of the differential 
pressure gauge. Hoke toggle valves and Whitey rotary valves, all 
of brass construction, were used to perform the switching functions. 
See Figure 40 for a schematic drawing of the pressure manifold. 
Temperature 
The forty-six temperature measurements per experiment were made 
with thermocouples and a potentiometer. Chart recorders were used to 
assist monitoring the performance of the equipment throughout the 
course of the experiment. Two sixteen point recorders and one 
continuous pen recorder were used. Appropriate switching was provided 
to display any thermocouple on either type of recorder or the 
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TABLE A3.5 
CALIBRATION DATA FOR INLET PRESSURE GAGE 
Dead Weight Pressure Gage Readings 
psi psi 
0 0.0 0.0 0.0 0.0 
10 10.0 10.0 10.0 10.0 
20 20.2 20.4 20.1 20.6 
30 30.4 30.6 30.6 30.5 
40 40.6 40.7 40.6 40.9 
50 50.3 50.1 50.5 50.2 
60 60.0 60.3 60.1 60.3 
70 70.1 70.1 70.1 70.1 
80 80.0 80.0 80.0 80.0 
90 90.0 90.2 90.0 90.0 
100 100.0 100,0 100.0 100.0 
95 95.4 95.4 95.0 95.1 
85 85.4 85.3 85.6 85.5 
75 75.1 75.0 75.0 75.0 
65 65.2 65.4 65.0 65.3 
55 55.2 55.2 55.0 55.3 
45 45.2 45.1 45.2 45.3 
35 35.3 35.6 35.5 35.6 
25 25.6 25.5 25.5 25.4 
15 15.0 15.0 15.0 15.2 
5 4.5 5.0 4.9 5.0 
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potentiometer. A distilled water ice bath was used to provide a 
reference temperature. An insulated covered box was provided to con­
tain the various thermocouple connections to maintain them in an 
isothermal, draft free environment. 
Portions of the thermocouple circuits were permanent fixtures 
of the equipment. The remaining portions were attached to each tube 
and, hence, were removable. Miniature thermocouple connectors were 
used to interface these two portions of the circuits. 
Information of interest about temperature instrumentation equipment 
follows; 
Thermocouples ; 
Thermo Electric Duo-Wrap Hf/D-30-T-1000 
Calibration: Type T, copper constantan 
Wire Diameter: 30 gauge 
Insulation: Kapton and Teflon 
Omega Engineering Miniature Thermocouple nnectors, NP-COCO-MF 
Contact Material: copper, constantan 
Potentiometer: 
Leeds and Northrup Portable Precision Potentiometer 
Model Number: 8662 
Range: 0-16 millivolts 
Resolution: 0.002 millivolts 
Multipoint Recorders: 
Honeywell; Brown Electronik Potentiometer 
Model Number; 153X62P16-W6-1Ô 
Range: 1-400° Calibrated for Type T Thermocouples 
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Single Point Recorders: 
Honeywell: Brown Electronik 
Model Number: 153X12P-X-30A4G 
Range: 0-400®F Calibrated for Type T Thermocouples 
Dryer power 
Instrumentation was provided to monitor power delivered to the 
dryer. Since the heating element consisted of six hairpin type 
resistance heaters, they were connected in three groups of two resis­
tors. Each group of two resistors was connected in series and was 
separately controlled. Control for two of the groups was provided 
by on-off switches. Control of the third group was provided by a 
variable resistance controller (Variac). 
Power monitoring was provided by an ammeter and a volt meter in 
the circuit of the resistors controlled by the Variac. Power to the 
other two sets of resistors was determined from the line voltages 
and the known resistances of the resistors. This system of monitoring 
and control provided th«» necessary flexibility to operate the dryer 
at power levels from 0 to 12 kw. 
Details of the equipment mentioned above are as follows: 
Ammeter : 
TBS Type PA-141, Style 606B690A14 
Range: 0-50 ac Amps, 25-200 Hz 
Resolution: 0.5 Amps 
Voltmeter : 
Triplett Model 237-S 
Range: 0-300 ac Volts 
Resolution: 5.0 Volts 
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Variable Resistance Controller: 
General Radio Company, Variac Type W50H 
Range: 0-280 ac volts 
Capacity: 20 amps 
Void trap 
A technique was provided to determine the static void fraction at 
the text condenser exit. A thickwalled Pyrex tube 15 in. long x 0.5 in I.D. 
was mounted vertically between two modified ball valves. The ball valves 
were equipped with a spring loaded mechanical linkage. When triggered, 
the mechanical linkage quickly closed the modified ball valves to 
isolate the sight glass and open a by-pass line. After isolation, the 
liquid and vapor phases trapped in the sight glass stratified. The 
height of the liquid columns was then measured and from the known 
geometry of the sight glass, the static void fraction was calculated. 
The apparatus described above was modeled on one designed and 
constructed by Murphy and Bergles. A further description of their 
apparatus and its original use can be found in their report [250]. 
There were several objections to this technique. Perhaps of 
greatest concern was the possibility that the thermal losses between 
the test condenser and the void trap vculd be significant. This length 
of tubing, about 5 ft, was insulated and the thermal losses were 
minimized. It was, of course, impossible to insulate the sight glass; 
therefore, the measurement of the liquid column was made as quickly as 
possible so that no significant cooling would take place. 
Another problem could be caused by pressure losses between the 
test condenser outlet and the void trap. To avoid this, connecting 
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fittings and geometry were chosen to preserve the same internal diameter 
as the test section and to minimize the change in pressure between 
the test section and the void trap. This technique for void fraction 
measurement did not prove to be very satisfactory. Accurate 
reproductibility was practically nil. This seemed to be because 
at the reduced pressures of interest here, the void fraction is large 
even at low qualities. Thus at the exit qualities experienced here, 
the liquid phase occupied a very small volume and a small amountof 
liquid leakage upon valve closure could greatly modify the apparent 
liquid volume. Consequently, concern for the accuracy of this 
measurement was a moot point. 
Sight glasses 
A sight glass was installed at the end of the test condenser 
to monitor the exit flow regime of the test fluid. The sight glass 
was mounted immediately behind, and in line with, the test tube. 
The sight glass was fabricated from a length of thick-walled Pyrex 
glass with an inside diameter approximately equal to the inside 
diameter of seven of the nine tubes tested. The sight glass was 
10 in. long; 
When the tubes equipped with twisted tapes were in operation, the 
twisted tape was extended through the sight glass. For the internally 
finned tubes, the sight glass was left empty. 
This sight glass was enclosed by a Plexiglas shield. This shield 
was designed to contain the pieces of the sight glass it if shattered. 
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A second sight glass was provided between the test section coolant 
exit fitting and the coolant exit valve to monitor the coolant exit 
flow regime. This sight glass was made of transparent Lexan and was 
about 8 in. long by 1.0 in. O.D. with 0.0625 in. thick wall. 
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APPENDIX 4. 
EXPERIMENTAL PROCEDURE 
Initial Testing 
Upon completion of the experimental apparatus, or upon the 
installation of a new experimental tube, a series of tests was performed. 
These tests were used to determine if the apparatus was functioning 
properly. 
Pressure integrity 
To establish the pressure integrity of the apparatus, the coolant 
and test fluid sides of the apparatus were filled with water by closing 
the coolant exit valve, opening the test fluid drain valve, and 
removing the flapper from the condensate drain swing check valve 
as shown in Figure 2. This procedure served to fill the apparatus 
with water. By closing the test fluid drain valve, the apparatus was 
pressurized to the coolant line pressure of approximately 50 psig. 
This usually disclosed any substantial leaks. 
When the pressure integrity of the equipment was established at 
the coolant line pressure, the coolant inlet valve was closed and a 
compressed gas, either nitrogen of air, was introduced through a valve 
mounted on the dryer. This gas was used to charge the apparatus to 
its design pressure of 100 psig. All seals and connections, including 
those in all portions of the pressure measurement manifold, were then 
checked for leaks using a soapy water solution. The apparatus was 
deemed pressure tight, if, when isolated from the gas supply, it would 
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maintain the 100 psig pressure for at least six hours. It was found 
that it was unnecessairy to check all the seals and connections upon 
the installation of each new experimental tube. Consequently, 
an abbreviated leak check, limited to the connections affected, 
was used when a new test section was installed. 
Fluid interchange 
With each new test section it was necessary to assure that there 
would be no interchange of fluid between the coolant side of the test 
condenser and the test fluid side. This test was performed immediately 
after that described above. Water was drained from the coolant 
side of the apparatus by opening the coolant exit valve. The test 
fluid side was then pressurized to 100 psig with the compressed 
gas and then isolated. Again, the apparatus was allowed to stand 
for at least six hours. If the test fluid side pressure remained at 
100 psig after this ti=e, the system was considered to have had no 
leaks from the test fluid side to the coolant side. To insure that 
there was no coolant leakage into the test fluid side of the test 
condenser, the test fluid side was drained and opened to the atmosphere 
by opening the test fluid drain valve and disconnecting the compressed 
gas. The coolant side was then pressurized with water to the water 
line pressure of 60 psig. The apparatus was left in this condition 
overnight. If no water was found in the test fluid side of the 
condenser, the apparatus was considered to have had no leaks from the 
coolant side of the test section to the test fluid side. 
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Thermal Interchange 
When the apparatus was under construction, there was some concern 
about heat transfer between the environment and the coolant. A 
consequence of this concern was an attempt to estimate, by calculation 
and experiment, errors in the calculation of the energy transfer due to 
this interchange. A simple convection calculation was performed 
with the worst possible cases both for the coolant hotter or colder 
than the ambient temperature. These calculations resulted in an 
error of less than 0.5 percent when compared to the lowest recorded 
experimental total energy transfer. As soon as possible, this figure 
was confirmed by direct experiment. Coolant was run through the 
apparatus at minimum flow rates with no test fluid flowing, and its 
temperature increase was recorded. These tests demonstrated that, 
at the worst possible conditions, spurious energy exchange with the 
ambient environment amounted to less than 0.5 percent of the 
recorded experimental total energy transfer. Since these figures 
were several times less than the typical heat balance errors for the 
experimental runs, no effort was made to correct for them. 
Thermocouple consistency 
It was found useful to perform another test prior to the operation 
of a new test section. The coolant temperature thermocouples were 
the most important ones on the apparatus because they determined the 
temperature rise in the coolant. The heat transfer and heat balance 
calculations were sensitive to this temperature rise, and, early in 
the experimental program, it became apparent that an improperly 
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installed or fabricated coolant temperature thermocouple could lead 
to large experimental errors. Therefore, the coolant temperature 
thermocouples were checked by comparing their outputs with those of 
several portable thermocouples equipped with thermocouple connectors 
to enable them to be plugged in at several locations around the 
apparatus. These tests were also performed with the apparatus 
operating during an actual experiment. Malfunctioning thermocouples 
were usually fixed in place. 
Temperature hysteresis 
A hysteresis test of all thermocouples was usually performed as 
part of the first experiment with a new tube to provide a further test 
of thermocouple reproducibility. The experiment was performed 
in the usual manner as described below, and then the thermocouple 
voltages were remeasured in reverse order. There was usually no 
hysteresis, and what hysteresis there was could always be attributed 
to changes in test fluid inlet pressure during the course of the 
experiment. 
Repeatability 
The first experiment with a nsv sxperisental tube was also used 
to check experimental consistency. The first experiment was always 
performed with maximum test fluid rates and at 71.5 psia. 
These operating conditions were the easiest ones to repeat since 
the test fluid inlet valve was wide open and an inlet pressure of 
71.5 psia was at, or near, the value assumed when the test fluid 
throttle valve was wide open. At the conclusion of the experiments 
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with the tube, these operating conditions were repeated and the results 
were compared with those of the first min. Within the tolerances of 
experimental error, they were always equivalent. 
Details of the Experimental Procedure 
The start-up procedure for the experimental equipment was as 
follows : 
1. The coolant exit valve was fully opened. 
2. The coolant inlet valve was fully opened. 
3. The test fluid throttle valve was fully opened. 
4. The after condenser coolant inlet valve was opened and 
the after condenser coolant flowmeter float was set at a 
scale value of between 180 mm and 250 mm. 
5. The test fluid inlet valve was cracked open and the 
condensate accumulated In the dryer and supply lines 
was allowed to discharge into the test condenser. 
6. When the condensate had been emptied from the supply 
lines, the test fluid inlet valve was slowly opened 
to increase the test fluid flow rate. 
7. When the test fluid inlet valve was fully open, the 
coolant exit valve was slowly closed until a two-phase 
mixture appeared in the test section exit sight glass. 
It was found advisable to follow this start-up procedure rather 
closely because it avoided undue thermal stress to the test section 
exit sight glass. If subjected to high thermal stresses this sight 
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glass could shatter. After start-up, the equipment was operated at 
full power for two or three hours to attain thermal equilibrium. 
To begin an experiment, the equipment was adjusted to provide 
the chosen experimental conditions. Since the variation of the heat 
transfer coefficient with mass flux at a fixed inlet pressure was the 
parametric variation of interest, the test fluid inlet pressure and 
the test fluid flow rate were systematically varied. For meaningful 
experimental results ; it was also necessary to impose two additional 
constraints upon the operation of the facility. The test condenser 
had to be operated with a two—phase flow in the test condenser exit 
sight glass in order to assure positive exit quality. Also the 
test condenser coolant had to exit the test condenser as a single-
phase flow as observed through the coolant exit sight glass to insure 
no boiling of the coolant. 
Therefore, a test fluid inlet pressure and test fluid flow rate 
were selected and the equipment adjusted to obtain these conditions 
within the constraints just mentioned. This adjustment was accomplished 
by manipulating the test fluid throttle valve, the test fluid inlet 
valve, and the coolant exit valve, in turn. This procedure was iterative ; 
and it usually took 10 - 20 minutes to perform. 
After the experimental conditions were adjusted to obtain the 
desired values of test fluid inlet pressure, test fluid flow rate, and 
test section exit void fraction, the void trap was set and the test 
fluid condensate diverted to the weight tank. Actual data acquisition 
then commenced by recording the time and date of the experiment. 
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The Initial weigh tank weight was noted, the weigh tank drain 
valve closed, and the timer started. The scale readings of the three 
flowmeters were recorded. The forty-six thermocouple outputs were 
then recorded, usually in numerical order. Inlet pressure and the four 
differential pressures between adjacent pressure taps were recorded 
next. The differential pressures were obtained almost exclusively 
from the manometer. It was usual to obtain the atmospheric pressure 
and room temperature at this time also. 
The following information was then noted and recorded: the test 
fluid, the tube number, the annulus number, the exit flow regime, 
the tube angle, and the dryer power. Comments were included for each 
run, usually detailing inlet pressure variation during the course 
of the experiment, malfunctioning thermocouples, and test section 
coolant exit flow regime. 
After amassing approximately 100 or 150 Ibm of condensate in the 
weigh tank, the timer was stopped, the weigh tank drained, and the 
final weight and timing recorded. The void trap was triggered and the 
exit void fraction recorded. Finally, the flow rates were checked 
for consistency and the time again, was noted. 
This completed the experiment. The acquisition of data described 
above usually took from 40 - 90 minutes. The next run was usually 
commenced immediately. 
Occasionally, the single and multipoint recorders were used to 
monitor the thermocouple outputs during an experiment. Generally, all 
thermocouples were switched to the single point recorder and observed 
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for about a minute. The multipoint recorders were used to continuously 
monitor 32 of the 36 wall thermocouples before an experiment to deter­
mine if the system were thermally stable. These recorders were also 
used during an experiment to observe wall temperature variations. 
Discussion of Operation 
Initial experience 
The original test tube. Tube #1, was installed and tested. Aside 
from a number of relatively minor problems, there were several major 
difficulties with this tube. They are discussed here to demonstrate 
certain considerations and problems to future investigators. 
Originally, fiberglass insulated thermocouples were used, and, soon 
after start-up, many wall thermocouples began to behave very erratically. 
Investigation of the thermocouples, by dismantling the by-passes, 
showed them stripped of all their insulation. Apparently, the highly 
turbulent environment of the test condenser annulus was responsible 
for the removal of the insulation, with the insulation removed, the 
thermocouple wires could then come into intermittent electrical 
contact, causing the erratic signals. The solution to this problem 
was the substitution of a thermocouple wire insulated with a tough, 
flexible, abrasion resistance material. 
A second problem, which was immediately apparent, was the 
unsatisfactory heat balance for Tube #1. Heat balance errors of 
typically 40 percent were obtained during the operation of this tube. 
These errors resulted from the boiling of the test condenser coolant 
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in the last sections of the test condenser. Since the coolant 
enthalpy gain was calculated from coolant temperature measurements, 
with no provision for determining coolant exit quality, net vapor 
generation in the coolant made this measurement useless, and errors 
resulted. The solution to this problem was to regulate coolant 
flow rates with the coolant drain valve rather than the test condenser 
coolant inlet valve. This pressurized the coolant and suppressed the 
boiling. A sight glass was installed in the coolant exit line to 
make possible observation of the coolant exit flow regime. With 
this sight glass, it was possible to insure single-phase flow of the 
coolant at the exit of the test condenser. 
Consistency 
Within the limits of experimental error, the data produced were 
internally, consistent. Expected trends were conformed to and the data 
were not erratic in nature. This observation also holds for those 
instances when attempts were made to repeat a set of experimental 
conditions. 
Experience with the facility demonstrated that no set of 
experimental conditions vas truly rspsatable. Day to day, even hour 
by hour, variations in the steam supply pressure, coolant inlet 
temperature, and barometric pressure were responsible for this circumstance. 
Fortunately, the data were, by and large, consistent. A set of 
data could be taken at a particular test fluid inlet pressure and over 
a range of test fluid mass flow rates. Two such sets of data could 
then be superimposed. This combined set, as a whole, would then 
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demonstrate the parametric trends evidenced by each independent data 
set. 
In an extreme case, approximately twenty experiments were 
carried out with a particular test tube (Tube #7). The tube was 
removed and reconstructed to replace damaged thermocouples. In the 
meantime, another tube was tested. Upon completion of the experiments 
performed with this second tube, the Tube #7 was reinstalled. 
This tube was then used to produce an entire set of data. This 
original set of data was then compared to these data and found to be 
compatible. 
System stability 
During the course of an experimental run, the test fluid inlet 
pressure occasionally drifted. This drift was caused by a variation 
in coolant inlet temperature and/or a change In test fluid supply 
conditions. 
During the winter, the test fluid inlet pressures were expected 
to change markedly during the time of day from 4:00 - 6:00 p.m. 
Similarly, late in the evening, coolant inlet temperatures were 
expected to fall - especially on very cold nights. Generally, these 
variations were not severe. However, if, during the course of an 
experiment, the inlet pressure varied by more than an acceptable 
tolerance, the data were discarded. 
The tube wall thermocouples proved to be fairly stable. During 
a typical experiment, the most unstable one was expected to vary 
through a range of ±0.03 mv centered on the reading. 
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When the equipment was operated with conditions other than those 
used for experiments, the single point chart recorder would show 
some thermocouples considerably more active than was normal. For 
instance, when the test condenser was operated in a subcooling mode, 
that is with single-phase subcooled flow leaving the test condenser, 
a pattern of thermocouple stability emerged. Beginning at the test 
condenser exit, the wall thermocouples were very stable and circum­
ferential variations nil. Proceeding station by station towards the 
test fluid inlet end, the same characteristics were observed at 
each station. Then abruptly, at one or two stations, the thermocouples 
evidenced great instability (±1.0 mv). Proceeding yet further 
toward the inlet end, the thermocouple outputs stabilized again 
though they were not as invariant as those near the outlet end. By 
changing the coolant inlet conditions, it was possible to shift the 
region of high thermocouple instability along the tube. 
It appeared that this pattern was a manifestation of the condensa­
tion and subcooling processes. The stable thermocouples near the 
test condenser exit were in a subcooling zone. The zone of great 
instability was in the vicinity of rapid flow regime change where the 
two-phase flow collapsed to single-phase flow. The last zone was the 
zone where condensation heat transfer was taking place. These 
observations suggest a means of locating the end of the condensation 
zone within the tube by noting the zone of great thermocouple instability. 
Noise and vibration 
System start-up was always a rather noisy undertaking. During 
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start-up, or whenever there were high coolant flow rates and complete 
condensation within the test condenser, there was marked radiation of 
acoustic energy from the test condenser. It appeared that the source 
of this noise was the region of transition from two-phase to single-
phase flow, also marked by the large excursions of tube wall 
temperature mentioned above. It seems probable that the rapid 
collapse of liquid-vapor interfaces in regions of strong temperature 
gradients, analogous to bubble collapse after cavitation, was responsible 
for this noise. 
As coolant flow rates were reduced, the noisy region moved towards 
the test condenser exit. By further coolant flow rate reduction, this 
region was expelled from the test condenser with an immediate cessation 
of the noise. Thus, since the normal operating condition of the 
equipment was with a two-phase flow at the test condenser exit, operation 
was comparatively quiet. 
The noise level during normal operation depended on the augmentation 
scheme. The tubes, in order of decreasing intensity of sound levels, 
were: Tube #3, Tube #4, Tube #8, Tube #6, Tube #7, Tube #5, and 
Tubs #2 (smooth tube). This ordering is a subjective judgment based 
upon remembered impressions so it is by no means absolute. However, 
it is of interest to note that the noise level corresponds roughly to 
heat transfer performance - with the exception of the twisted tapes -
and corresponds absolutely to the severity of pressure drop through the 
tubes. 
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Exit flow regimes 
The test condenser exit sight glass provided an interesting study 
of flow regimes. After many hours of operation, a system of flow 
regime descriptions was evolved for the smooth tube. Figure 1 
illustrates the various flow regimes identified and described here. 
The flow regime observations recorded for the smooth tube are recorded 
in Table All.5. 
Bubbly Droplet Annular Flow; This was the high quality 
annular flow with a thin liquid layer on the 
tube wall. The characteristics of the flow 
regime were symmetry and a homogeneous, dense, 
cloudy appearance throughout liquid and vapor 
fractions. The overall impression was that of 
Droplet Annular Flow: This was. an annular flow regime with 
the liquid layer on the tube wall. The characteris­
tics of this regime were an asymmetric annulus 
with a clear, thick liquid layer along the tube 
bottom and a non-uniform cloudy region. This regime 
gave an impression of a decelerating flow. 
Annular Flow; This was a pure annular flow regime with a thick 
liquid layer on the tube wall. The characteristics 
of this regime were a clear unclouded core and a 
clear, thick, asymmetric liquid layer. This 
regime gave the impression of imminent collapse. 
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Film Flow: This was a stratified flow regime with absolute 
segregation of the phases, liquid along the tube 
bottom. It was characterized by a clear, thick, 
wavy liquid film and an unclouded vapor phase. 
This regime left an impression of very low velocity 
flow. 
Bubbly Flow: This flow regime had a liquid matrix encompassing 
discreet small spherical or larger elongated 
bubbles. Characterized by a clear liquid phase 
sometimes in contact with the top of the tube and 
unclouded distorted bubbles, this flow regime 
may have been called chug or slug flow by other 
investigators. 
These descriptions suffer from the usual problems encountered 
when attempting to describe a two-phase flow. The regime boundaries 
were not distinct and one regime tended to merge into another. Thus, 
some exit conditons could be just as well described by one flow regime 
description as the next. Nor was the progression from a high quality 
flow rsgiss to singls-phasa flow consistent. Bepeading upon pressure 
and mass flux, some regimes may have been omitted altogether. 
Of the above flow regimes, annular flow, and bubbly flow were 
the least common and the most metastable. The other regimes were 
comparatively stable and droplet annular flow was the most common. 
Observations of the exit flow regimes for the tubes with twisted-
tape inserts were less interesting. The primary flow regime was a 
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modified Bubbly Droplet Annular Flow with obvious tangential velocity 
components. Flow regimes maintained their symmetry down to very low 
qualities after which they collapsed into a Bubbly Flow, channeled 
and directed by the twisted tape. 
Observations of the flow regimes for the intemally-finned tubes 
were duly recorded. They were not very meaningful, however, because 
the fins could not be extended into the sight glass. Hence, the 
observations were similar to those expected with a smooth tube. 
Acceptance criteria 
During the experimental portion of this undertaking, it was 
necessary to decide under what conditions an experiment was unacceptable. 
Since these criteria were a compromise between ideal conditions and 
what were realistically obtainable, it was not fully established until 
many hours of operating experience had been acquired. 
Generally, an experiment was judged unacceptable if 
a. during the experiment the test fluid inlet pressure 
varied by more than ±5.0 percent of the established 
value. 
b. the test fluid esit quality was less than -2.0 percent 
of greater than 4.0 percent. 
c. the experimental heat balance was less than -5.0 percent 
or greater than +5.0 percent. 
These criteria were not inviolate, and experimental runs were 
retained for exceptional extenuating circumstances. More commonly, 
an experimental run v^as rejected for special reasons not covered by 
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the criteria, such as test condenser coolant thermocouple malfunction, 
sight glass breakage, etc. Such cases were noted and the reasons 
recorded on the raw data sheet. 
Operational constraints 
Physical limitations and several experimental considerations 
mentioned elsewhere placed limits upon the range of operation of the 
experimental equipment. The operational range of various parameters 
obtained during the experimental prcgrasi are listed in Table 3.2 
The variable parameters selected for each experiment were test 
fluid inlet pressure and test fluid flow rate. Possible choices of 
the parameters were constrained by the necessity of maintaining 
single-phase test condenser coolant flow and a low quality two-phase 
flow of the test fluid at the test condenser exit. Choosing a test 
fluid inlet pressure and a test fluid flow rate and operating with 
a fixed exit quality (in reality over a narrow band of acceptable 
exit qualities) defined a unique operating point. Hence, the locus 
of these operating points defined an operating envelope which was 
further constrained by any physical limitations of the equipment. 
Steam supply eonditions llsiited aaxiniusi attainable inlet test 
fluid pressure and maximum attainable test fluid flow rates. The 
minimum capacity of the test condenser coolant flowmeter and the rather 
low, invarient coolant inlet temperature established the minimum 
test fluid flow rate at a given test fluid inlet pressure. These 
limiting factors also placed an absolute limit on minimum test 
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fluid inlet pressure. However, the equipment was never operated near 
this point because the range of test fluid flow rate was very limited. 
Tube replacement 
With a little practice, replacement of experimental test tubes 
proved to be surprisingly easy. Typically, two hours were necessary 
to complete the replacement. 
Removal of a tube always drew attention to the build up of scale 
on the test tube exterior. A thin intermittent layer of scale usually 
coated the entire heat transfer surface. Near the test fluid exit 
end of the tube, the scale layer was very thin - barely a stain on 
the surface - but at the test fluid inlet end a substantial scale 
build up occurred. Thermal cycling and the highly turbulent annulus 
environment tended to limit scale build up, but pieces as large as 
1.5 in. long and over 1/16 in. thick were not uncommon. 
Cost 
Equipment and conçuter expenses were almost equally divided for 
this project. The cost of the experimental apparatus, supporting 
hardware, and consumables was $3,519.02. Computer charges were 
$3108.15. Thus, for 351 experimental runs, the cost was $18.88 per 
run. 
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APPENDIX 5. 
SOURCES OF SYSTEMATIC ERROR 
Introduction 
What follows here is a discussion of some of the systematic 
experimental errors and their sources encountered during this effort. 
The topic of systematic errors in this two-phase heat transfer 
experiment has some unique features. 
Perhaps the most striking feature is the noisy, random nature 
of the process itself. One is tempted to reason that since the process 
itself is so noisy, only grossly approximate measurements can be made. 
Hence, it is not necessary to become very sophisticated when considering 
possible error sources because they would be small compared to the 
background noise. In addition, the large energy transfers typical 
of such a two-phase heat transfer system suggested that some error 
sources, particularly spurious energy transfers, would be comparatively 
small. 
Offsetting these benign, features were the usual error sources 
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optimistic view soon paled as the importance of some of these errors 
became apparent. 
Wall Temperature Measurements 
The virtues of thermocouples used as wall temperature sensors 
were balanced by several potentially serious sources of error. 
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Small errors in wall temperature measurement might have been small 
compared to the actual temperatures, but they were of considerably 
greater significance when their effect on the driving temperature 
differences was considered. Since the driving temperature difference 
was used to determine the condensation heat transfer coefficient, 
these errors were of great Importance. 
Radial position 
Ideally- the temperature of interest and, hence, that which should 
have been measured was the temperature of the outside surface of the 
test condenser tube. This observation lead to a concern for the 
sensitivity of the wall temperature measurement to the radial position 
of the thermocouple bead. 
Conduction calculations demonstrated that, at the very least, the 
bead had to be in good thermal contact with the wall. The best bead 
position was for it to be buried in the wall with the constantan lead 
making electrical contact with the bead in a plane tangent to the tube 
wall. 
In practice, the thermocouple bead was rarely at the optimum 
position. The mere usual case was that the bead was buried too deeply 
in the wall or not deeply enough, but in both cases, it was in good 
thermal contact with the wall. For both of these cases, a simple 
radial conduction model was used to predict wall temperature errors 
under the worst conditions encountered during the experimental program. 
This exercise demonstrated that errors due to improper radial 
260 
thermocouple placement for thermocouples remaining loa thermal contact 
with the wall were small. For unburied thermocouples touching the wall, 
the predicted difference between the actual wall temperature and the 
measured value was on the order of 0.1°F. Since the temperature 
differences averaged about twenty degrees, this would be a small error. 
It diminishes further when fluctuations in wall temperature are 
considered. Predicted errors for thermocouples too deeply buried were 
even less because of the high thermal conductivity of the wall. 
Errors of this magnitude were judged acceptable. Thus, special 
care was exercised only to insure that the thermocouples were buried 
in the wall and that no silver solder joined the two thermocouple 
leads electrically above the surface of the tube wall. 
Transient response 
On occasion, the inside tube wall experienced rapid and large 
scale variations in temperature. Sources of these variations are 
discussed further in Appendix 4. These temperature variations were 
modified and transmitted by the tube wall to the outer surface of the tube. 
Therefore, an attempt was made to investigate the influence of the tube 
wall thermal resistance on the outside wall temperature, and, hence, 
on the wall thermocouple output. 
The wall was modelled as a semi-infinite slab subjected to a 
sinusoidal boundary condition on one side and a convection one on the 
other. This model showed the wall to be thermally transparent for tran­
sient input temperatures with frequencies on the order of 1.0 Hz. This 
result was as expected for a thin, highly conductive tube wall. Of 
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course, the trend was for the slab to Integrate the varying input 
signal to greater extents as the frequency of the input temperatures 
increased, but these high frequencies were not realized in practice. 
This simple analysis demonstrated that the thermal noise could 
be detected and displayed on the potentiometer and the single point 
chart recorder. Fortunately, the thermal noise was not of a magnitude 
to interfere unduly with the ability to make temperature measurements. 
Fin effect of thermocouple leads 
Modeling the thermocouple and its leads as suggested by Schneider 
[251], indicated the possibility for substantial error by conduction 
effects along the thermocouple leads. It soon became apparent that 
this was the major source of error in the determination of the tube 
wall temperature and, hence, a major source of error in the determination 
of the heat transfer coefficient. 
The severity of the problem was a result of the choice of the 
configuration of the test condenser. The test condenser was a 
counter-flow heat exchanger formed by two concentric tubes with steam 
condensing within the inner tube and coolant in the annulus. The wall 
temperature thermocouples vere soldered to the outside of the inner 
tube and their leads run through the annulus to packing glands in the 
by-passes. Because the leads passed through the annulus, appreciable 
portions of them were emersed in the high velocity coolant. Since 
the coolant was at a lower temperature than the tube wall at the 
location of thermocouple attachment, energy was transferred along 
the thermocouple leads from the wall to the coolant. This artificially 
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cooled the attachment location and resulted in measured values well 
below the actual wall temperature. Since the coolant was flowing 
at high Reynolds numbers, the heat transfer coefficient from the leads 
to the coolant was high, aggravating the error. 
Fortunately, there were also conduction effects in the tube wall 
at the site of thermocouple attachment which tended to conduct 
energy to the site of attachment and keep it nearer the actual wall 
temperature. To account for this effect, the tube wall was treated 
as a semi-infinite plate with a cylindrical thermal sink at the point 
of thermocouple attachment, as suggested by Schneider [251]. 
A measure which served to reduce the error was to thermally 
insulate the thermocouple leads by coating them with a low thermal 
conductivity material. The electrical insulation of the thermocouples 
served this function, and it was augmented by an epoxy coating. Cal­
culations showed that, with thick epoxy coatings, this approach could 
keep the error to tolerable levels. Unfortunately, the epoxy coatings 
required were rather thick, but they had to be small in order not to 
interfere unduly with the fabrication of the tube or overly constrict 
the coolant flow. 
A further measure to reduce the lead conduction error was suggested 
by the method of mechanical reinforcement used to secure the thermo­
couple leads to the tube. The thermocouple leads were secured to 
the tube by short lengths of copper wire wrapped around the tube. 
These wires held the thermocouple leads tightly against the tube wall. 
In this configuration, the leads were in thermal contact with the 
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hot tube wall, and, thus, were heated from one side. 
This technique was modelled by considering the region in the 
vicinity of the bead as the cylindrical thermal sink and this sink 
as being in a semi-infinite plane. The losses from the sink were 
determined by treating the bound leads as fins inserted in an 
environment at the temperature obtained by averaging the actual tube 
wall temperature and the coolant temperature. Using the worse possible 
conditions, this analysis predicted a wall temperature error of less 
than 0.1°F. 
Operating experience with this technique proved it to be satisfac­
tory. Smooth tube results compared favorably with some predictive 
methods. The most convincing justification for this technique was the 
experience with Tube #7. 
Tube #7 was partially tested and then removed from the test 
condenser for repair. It was then totally rebuilt, reinstalled in the 
test condenser, and fully tested, repeating the conditions obtained 
earlier. When the results of these tests were compared, they were 
essentially identical. 
It should be noted that when this tube was rebuilt, different 
brands of epoxy were used. They differed in thermal conductibility by 
a factor of three. The results did not seem to be affected by this 
change. 
Conduction Errors 
Axial conduction 
Conduction along the copper experimental tubes was expected to 
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effect the reported beat transfer coefficients. Conduction along 
those portions of the test tube outside of the test condenser proper 
increased the area available for heat transfer. Since they were well-
insulated, any energy transfer was purely by axial conduction to the 
coolant; hence, no heat balance errors were introduced. Furthermore, 
any axial heat transfer passed through the tube cross-section at the 
test condenser end. 
The tube length, extending from the condenser end, was modelled 
as a fin of infinite length with a heat transfer cross-sectional area 
equal to that of the tube wall area and a perimeter equal to that of 
the inside of the tube. This fin was inserted into an environment 
at the saturation temperature of the entering steam, a worst case. 
The fin base temperature was taken to be that of the coolant at the 
inlet, also the worst case. 
The energy transferred through the base of this imagined fin 
approximated that conducted axiaily along the tubes. This energy 
was then compared to the energy transferred in the test condenser 
sections at each end. The analysis predicted this error to be on the 
order of less than 0.5 percent for the worst possible cases. In terms 
of errors in the calculation of the heat transfer coefficient, the 
error was the same and, therefore, acceptably small. 
Fin effect of spacers 
Some concern was expressed for the fin effect enhancement of heat 
transfer in the vicinity of the spacers soldered to the experimental 
tubes. To determine this effect, the spacers were modelled as circum­
ferential fins of constant cross-section immersed in an environment 
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at the coolant inlet temperature, and with a base temperature equal 
to that of the maximum inlet steam saturation temperature, the worst 
possible case. 
This analysis predicted that the effects of the spacers were very 
small, primarily because the wall heat transfer coefficient far from 
the spacers was very high. Furthermore, axial conduction along the 
tube wall further reduced their effect. Thus, the errors caused by 
the spacers were neglected. 
Coolant Side Heat Balance 
The energy gain of the test condenser coolant was used in the 
calculation of the heat transfer coefficient. Therefore, any errors 
occurring during the calculation of coolant energy gain were passed 
on to the heat transfer coefficient. The method of determining 
coolant energy gain had several potentially important sources of error. 
Errors in the measurement of coolant temperatures were potentially 
one of the most improtant error sources in the entire experimental 
method. Since energy gain is proportional to coolant temperature change, 
an error in temperature measurement could represent a substantial 
error in energy gain. For instance, during a high power run, a one 
degree error in coolant temperature measurement could cause an error of 
six percent in the calculation of the heat transfer coefficient. 
Because of this sensitivity, particular attention was paid to the 
thermocouples which performed these measurements. Three or four 
thermocouples were used at each measuring station. Each thermocouple 
was housed in a copper thermocouple well, 3-4 in. long, inserted 
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Into the mining region of the by-passes and the test condenser coolant 
Inlet header. 
The thermocouples were wired In parallel, and their output 
periodically checked against portable thermocouples fabricated for this 
purpose. The use of the portable thermocouples guaranteed that mal­
functioning coolant temperature thermocouples were soon detected. 
Their use also demonstrated that the coolant temperature thermocouples, 
as fabricated and installed, were, and remained, within the manufac­
turer's claimed tolerances when compared to the portable thermocouples. 
It should be noted that the portable thermocouples were not calibrated 
in any way other than that a number of them measured the same temperature, 
within the resolution of the potentiometer, at several temperatures. 
Test Fluid Superheat 
The influence of superheat on condensation heat transfer was out­
side the scope of the program reported here. However, the experimental 
apparatus was not designed to de-superheat the test fluid before it 
entered the test condenser. Therefore, the test fluid inlet conditions 
were usually slightly superheated, though rarely more than a few percent 
on an enthalpy basis. 
There is some controversy concerning the influence of superheat on 
the condensation process, but the consensus seems to be that the effect 
is small [252-254]. In view of this observation and the very low 
levels of superheats experienced during the experimental program, 
superheat effects were discounted. 
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Heat Exchange With Environment 
As mentioned in Appendix 4, attempts were made to estimate 
systematic error caused by energy transfer between the test condenser 
coolant and the ambient environment. Initially, calculations were 
made using worst possible conditions, and then a series of tests were 
undertaken. 
The calculations for the worst possible case predicted that the 
spurious heat transfer was a very small fraction, less than 0.5 percent 
of the total energy transfer. The tests were performed by measuring 
the energy gained by the coolant with no test fluid flow and the lowest 
measurable coolant flow rate. No rise in coolant temperature was 
detectable for a coolant inlet temperature of 54°F, a coolant flow rate 
of 3 gpm, and an ambient temperature of 89*F. Therefore, errors from 
this source were judged to be insignificant. 
It should be noted that the tests and calculations were performed 
for the condition of an uninsulated test condenser. Soon afterwards, 
the test condenser was insulated in order to prevent the colder portions 
of the equipment from "sweating" during the humid summer months. 
Propagation of Error 
To put the various experimental systematic errors into perspective 
and to acquire an appreciation for the accuracy of the experimental 
data, a propagation of error analysis was performed for several experi­
mental runs. A sample calculation is presented here, using the data 
of Run #135. a run of medium power with the smooth, horizontal tubs. 
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The parameter of interest to this propagation of error calculation 
is the uncertainty of the experimental result, i.e., the condensation 
heat transfer coefficient. The experimental uncertainty as used here, 
is the absolute value of maximum expected deviation from the reported 
experimental result. 
The experimental uncertainty for the average condensing heat 
transfer coefficient can be defined as 
11/2 
(A5.1) 
where x^ is any of n parameters of which the heat transfer coefficient 
is a function. Since h was calculated from 
c 
(À5.2) 
Equation (A5.1) can be expressed as 
/ 8h 2 f /3h 2 
W, 
h 
c 
(A5.3) 
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Evaluating the partial derivatives using Equation (^.2), the uncertainty 
is 
'  /  - V  Y  
W c; \i ^ . . . . ^ -I- I 
[Kt (^tf - V / \ V ' (^tf - V / 
(-q \ ^  / -q W-V (^tf - v' } " Ut (^7- V i/2 (A5.4) 
The uncertainties for the heat transfer area and the energy 
transfer are required to evaluate Equation (A5.4). They can be 
estimated from a calculation analogous to Equation (Â5.1). 
Since 
Then 
[ ( ' " a ) '  +  h\Vy' 1 /o - - 6 (A5,5) 
For Tube #2 
L = 11.898 ft 
 ^ — r\ J. V « A. u 
= 0.01 ft 
T.T — f\ £1^  
n — \j • wu. t V 
^i 
Therefore 
=; 2(0.023) (TT) (11.898) = 1.7 ft^ 
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and 
W. = 2? ((0.023) (0.01)) ^  + ((11.898) (0.001)) ^ j 
1/2 
= 0.08 ft 
Similarly, for the energy transfer 
q = (Sj - Hj) 
«q = ["(®5 - V % ) ' 
L CO 
However, the enthalpy, H, is a function of temperature and pressure. 
Therefore, the uncertainties of these parameters also have to be 
determined. 
The uncertainty of the average wall temperature incorporated some 
of the results of this appendix and the properties of the experimental 
equipment. The partial derivative of each wall temperature with respect 
to the factors listed below is assumed to be unity. Factors 
±2.0 °F 
±1.5 °F 
nil 
nil 
±0.1 *F 
±0,02 °F 
-!- ? 
^ I 
m 
CO H 
2 tf/Z 
'J 
(A5.6) 
contributing to the uncertainty of T^ are 
Uncertainty associated with attachment method; 
Uncertainty due to thermocouple wire inaccuracies: 
Uncertainty due to wall resistance correction: 
Uncertainty due to potentiometer errors: 
Uncertainty of potentiometer resolution; 
Uncertainty due to computer conversion of m to "F: 
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Therefore 
r 1 
= (2.0)2 + (1.5)2 ^  (0 1)2 + (1.02)2 
w L 
= 2.5 °F 
Since the average wall temperature wall temperature was obtained 
averaging the individual wall temperatures 
I \ 
T = 
w n 
Therefore 
-
w 
3T 
3n 
t1/2 
w 
W 
n = 36 
9T 
w 
3n 
= 0 
and 
9T 
w 
3T 
_1_ 
•n 
w. 
Thus 
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w 
0.4 "F 
i 
but to be conservative, the uncertainty of the individual temperature 
measurement is used 
The uncertainty of the pressure measurements are determined in a 
manner similar to that for the individual wall temperatures; again 
it is assumed that the partial derivative of the pressure with respect 
to the factors listed below are unity 
Factors contributing to the uncertainty of p are 
Uncertainty due to pressure gage errors; ±0=5 psia 
Uncertainty due to gage resolution: ±0.2 psia 
Uncertainty associated with pressure measvring system; ±0.5 psia 
The condensing temperature is calculated from the saturation 
pressure; therefore, the uncertainty of the condensing temperature is 
W- = 2.5 °F 
*i 
Hence 
1/2 
= 0.7 psia 
(A5.7) 
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The slope of the saturation curve can be estimated from steam 
tables [237] for the region of interest: 
1 !_%_ 9p Ap ' psia 
Thus 
W= = (1.1) (0.7) = 0.8 °F 
^tf 
To estimate the uncertainty of the coolant enthalpy measurement, 
the enthalpy was assumed to be a function of temperature and pressure 
of the coolant. Thus 
, [ / i H  „  ^  I  3H „ f 1 
-  I  I  " m  I  '  I  I I  
CI j^\  "^co "co/  \ *rco ^co/ J 
The partial derivatives are estimated from steam tables [237] for 
the region of interest: 
aa _ AH , Q Biu 
3T " AT Ibju *F 
9E _ AH = 1.8 ^ y 
— . ^ Ibm psia 
The same pressure uncertainty for the saturation pressure was 
assumed to be appropriate for this calculation. The temperature 
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uncertainty was assumed to be the same as that for the wall temperature, 
excluding the contribution zo the uncertainty of the attachment method, 
i.e., 
= 1.5 °F 
Therefore 
1/2 
BTU 
Ibm Wg = j^(l.O) (1.5) ^ + (1.8) (0.7) =2.0 
For Run #135 the following parameters were obtained: 
= 286.2 "F q = 413,000 ^ m = 4500 ^ 
CI HIT w nir 
T = 245.5 "F H_ - H = 92.0 ^  W. = 100 ^ 
w 5 1 Ibm m hr 
CO 
Returning to Equation (A5.6), the uncertainty of the energy 
transfer is 
r 9 9 T CTTT 
= I ( (92.0) ClOO))^ + 2 ((4500) (2.0))^J = 15,7000 ^
The heat transfer coefficient uncertainty was then calculated 
from Equation (A5.4) 
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c 
t  
15.700 
7) (286.2 - 245 
(413.000) (0.8) 
y , / (413.000) (0.08) y 
'5) / \(1.7)2 (286.2 - 245.5) / 
(1.7) (286.2 - 245 
: \ , / (413.000) (2.5) \ 
.5)2/ \ (1.7) (286.2 - 245.5)2 / 
1 1/2 
= 528 BTU 
hr ft2 °F 
Thus, for Run #135 
h = 6500 ±528 
hr 
This uncertainty was typical of the other similar calculations. 
Therefore, it could be said with some justification that the expected 
experimental uncertainties of the condensation heat transfer coefficient 
for the experimental program reported here were about ±10 percent. 
Because of the experimental difficulties inherent in a two-phase process, 
this is a quite acceptable level of error. 
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APPENDIX 6. 
DISCUSSION OF WALL TEMPERATURE DISTRIBUTIONS 
It proved impractical to incorporate into the design of this 
experiment a technique to determine true local heat fluxes. Therefore, 
the measured heat fluxes were area-averaged values. To use these 
averaged heat fluxes to determine a heat transfer coefficient, 
a wall temperature averaged over the same area was required. 
The area of interest was the surface of a cylindrical tube with 
a two-phase condensing mixture flowing within it. The flow of a two-
phase condensing mixture within a horizontal tube was expected to 
give rise to a circumferential variation in wall temperature. Therefore, 
it was necessary to average the wall temperatures in two dimensions: 
circumferentially and longitudinally. 
Circuiuferêïitial Averaging 
Observation of two-phase flows in general and two-phase condensing 
flows specifically suggested that there would be a circumferential 
variation in tube wall temperature. Consequently, the first 
experimental tube was equipped with six evenly spaced circumferential 
thermocouples at one station. These thermocouples provided circumr 
ferential wall temperature distributions at that station for a wide 
range of operating conditions. This Information was then used in 
making a choice between competing wall temperature averaging techniques. 
The wall temperature distributions for different operating conditions 
were, qualitatively, quite similar. Usually, the highest temperature 
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was at the top of the tube and the lowest at the tube bottom. 
Generally, the temperature distributions were approximately symmetric 
about the vertical mid-plane with temperatures decreasing from tube 
top to bottom. 
While these characteristics were usually observed, many temperature 
distributions were different. The most common exception was an 
increase in tube wall temperature near the horizontal mid-plane 
following the usual decrease in temperature from the tube top and 
followed by a continuing decrease to the bottom of the tube. A 
similar observation was noted by Connell et al. [100]. 
In light of the experience with the first tube described in 
Appendix 3, subsequent tubes were equipped with three thermocouples 
at each station. These thermocouples were located at the tube top, 
the horizontal mid-plane, and the tube bottom. 
To obtain the average wall temperature at a station, symmetry 
about the vertical mid-plane was assumed. With this assumption, 
six pieces of information were available at each station: four 
temperatures and the temperature gradients at the tube top and bottom -
both equal to zero. 
Since the averaging of the circumferential temperatures required 
integration: 
' 2? 
Q T (6) de (A6.1) 
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It was necessary to select an integration approximation technique. 
Three integration techniques were considered for the averaging 
calculation; linear averaging, trapezoidal rule, and Simpson's Rule. 
Simpson's Rule approximates the integration by fitting a 
parabola to three adjacent points. Since curves plotted from the 
experimental temperature distribution were parabolic in nature, 
Simpson's Rule was selected as the integration technique. Furthermore, 
the parabolic nature of both the Simpson's Rule curve and the 
experimental data, made possible the matching of their first derivatives. 
To do this, Simpson's Rule which had to be applied twice, was centered 
on the temperatures at the top and at the bottom of the tube. There­
fore, since these temperatures were also on the assumed plane of 
symmetry for the temperature distribution, the first derivatives 
same points. 
Since four temperatures were to be averaged, an extended form 
of Simpson's Rule was derived. For Simpson's Rule 
where R is the range of integration and the integration is approximated 
by dividing R into 2s intervals of length h. Transforming this 
expression into the coordinates of interest here and integrating 
over four points, Simpson's rule becomes 
R 
0 
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2tt _ / \ 
T (8) d 8 = + 4T, + T,_,, + T, 
i+1 i i+3 i+3 
+ + 1^+^) (A6.2) 
Here the two parabolas are centered on and Substituting this 
approximation to the integral into Equation (A6.1) and recalling the 
assumption of symmetry, that is ~ *^±+3 ' 
V & (?) («1+1 + «1 + «i+2> W-3) 
or 
V -3 ^^i^^i+l-^ W (Â6.4) 
Equauxcn. (AÔ « 4/ was tne syuatxcii xissd to avsrags tlis wall 
temperatures at each station for all of the experiments reported here. 
Note that for the assumptions used for the derivation of Equation (A6.4), 
Simpson's Rule reduced to the linear average. 
The equation was checked by comparing the average temperatures 
obtained with the equation to averaged temperatures obtained by inte­
grating the area under curves plotted from the data. These values 
were in substantial agreement. 
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Longitudinal Averaging 
Having obtained the average wall temperature at each station, 
it was necessary to average them to obtain average sectional wall 
temperatures and average overall wall temperatures. It was not 
immediately apparent how to proceed with the computation of this 
average. Curves plotted with the local average wall temperatures 
versus tube length approached a straight line for experimental runs 
of medium and low power. However, at high powers, the longitudinal 
wall temperature distributions were markedly non-linear at the low 
temperature end of the test condenser. See Figure 5 for a typical 
wall temperature versus tube length plot. 
Fortunately, the sectional longitudinal wall temperature 
distributions were much more readily and consistently represented by 
a straight line. Therefore, the sectional average wall temperatures 
were calculated by linearly averaging the three local average wall 
temperatures in each section. 
Experiments with several methods were tried in an attempt to 
determine the most accurate technique for averaging the local average 
wall temperatures to obtain the overall average wall temperature. 
Consideration was also given to averaging the sectional heat transfer 
coefficients in some manner to determine the overall heat transfer 
coefficient. 
The overall average temperatures calculated by various means were 
compared to the overall average temperature obtained by graphically 
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Integrating the curve of local average wall temperature versus length 
along the tube. This comparison was performed for a number of randomly 
selected experimental runs. The linear average seemed to compute the 
overall average wall temperature with the least error for the greatest 
number of experimental conditions. Therefore, this technique was 
selected and used to obtain the overall average tube wall temperature. 
Augmentation Effects 
The effects of the augmentation schezes on wall temperature 
distributions were predictable. In general, an augmented tube run 
had a more linear longitudinal temperature distribution than the 
comparable smooth tube run. 
This seems to have been a result of the higher heat transfer coeffi­
cients. The larger heat transfer coefficients required that the test 
condenser coolant flow rate be reduced, relative to the smooth tube value, 
in order to maintain a two-phase flow of the test fluid at the test con­
denser exit. Higher heat transfer coefficients and lower coolant mass 
flow rates combined to increase the number of exchanger heat transfer 
units. With more transfer units, the heat transfer effectiveness 
approached unity. As the effectiveness approached unity, the change in 
coolant temperature approached a linear function of heat exchanger length. 
Augmented surfaces generally also reduced circumferential variations 
in tube wall temperatures for the same reasons. Furthermore, augmenta­
tion schemes designed to increase interfacial shear tended to prevent 
the liquid from puddling and, thus, distorting the temperature 
field within the tube. 
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APPENDIX 7. 
SELECTED TABL 
TABLE A7.1 
SELECTED GEOMETRIC PAJtAMETERS OF THE EXPERIMENTAL TUBES 
Tube Number 2 3 4 5 6 7 8 9 10 
Type Smooth Twisted 
Tape //I 
Twlîil:ed 
Tape #2 
Fin //I Fin it 2 Fin //3 Fin ,74 Vrable 
Fin n 
Vrable 
Fin #2 
Material Cu Cu, SS. Cu, SS. Cu Cu Cu Cu A1 A1 
Outside Diameter 0.6250 0.6250 0.6250 0.6250 0.5035 0.5030 0.6260 0.3750 0.5000 
Inside Diameter 0.5450 0.5450 0.5450 0.5790 0.4650 0.4540 0.5500 0.3050 0.4300 
Equivalent Diameter 0.5450 0.3249 0.3249 0.3252 0.2993 0.2978 0.2664 0.1795 0.1388 
Wall Thickness 0.0400 0.0400 0.0400 0.0230 0.0193 0.0245 0.0380 0.0350 0.0350 
Total Wetted Perimeter 1.7121 2.7724 2.7724 3.1004 2.0988 2.0430 3.2275 1.4377 3.5508 
Nominal Wetted Perimeter 1.7121 1.7121 1.7121 1.8190 1.4608 1.4263 1.8679 0.9582 1.3509 
Total Perimeter/ 
Nominal Perimeter 
1.0 1.6193 1.6193 1.7045 1.4361? 1.4324 1.7279 1.5005 2.6285 
Cross Sectional Area 0.2333 0.2252 0.2252 0.2521 0.1570 0.1501 0.2149 0.0645 0.1232 
Tape Thickness n.a. 0.0149 0.0149 n.a. n.a. n.a. n.a. n.a. n.a. 
Fin Height n.a. n.a. n.a. 0.0236 0.0683 0.0642 0.0570 0.0400 0.1100 
Fin Base Width n.a. n.a. n.a. 0.0187 0.0657 0.0549 0.0449 0.035 0.0200 
Fin Tip Width n.a. n.a. n.a. 0.0109 0.0188 0.0171 0.0182 0.035 0.0200 
Fin Auxiliary Dimension n.a. n.a. n.a. 0.0236 0.0299 0.0274 0.0278 n.a. n.a. 
Number of Fins n.a. n.a. n.a. 32 6 6 16 6 10 
Pitch, In./iao" n.a. 1.8 3.8 12.0 6.75 Straight 11.0 Straight Straight 
All dimensions In Inches or square Inches as appropriate, 
n. a. = not applicable. 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3  
3  
3  
3  
3  
4  
4  
4  
4  
4  
5  
5  
5  
5  
6 
6 
6 
6 
6 
7  
7  
7  
7  
7  
8 
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TABLE kl.2 
TABULATION OF STATISTICAL INFORMATION FOR 
CURVE FITS TO EXPERIMENTAL DATA 
Form of Curve Fit: 
h = C 
Angle 
Degrees 
Inlet 
Pressure 
psia 
Exponent 
n 
Constant 
C 
Correlation 
Coefficient 
Standard 
Deviation 
Btu 
hrft^'F 
0  41  . 5  0 .90  0 .0919  0 .989  315 .1  
c  51  . 5  0 .83  0 .2221  0 .967  426 .1  
0  61  . 5  0 .92  0 .0630  0 .974  540 .1  
c  71  . 5  0 .91  0 .0677  0 .932  949 .3  
0  81 .5  0 .90  0 .0695  0 .995  129 .  I  
- 10  41  . 5  0 .55  7 .9275  0 .960  337 .2  
-10  51  . 5  0 .72  0 .9231  0 .980  437 .4  
-10  71 .5  0 .67  1 .5525  0 .980  170 .8  
+10  41  . 5  0 .86  0 .1  540  0 .987  284 .  1  
+  10  51  . 5  0  .  86  0 .1432  0 .986  325 .2  
+  10  71  . 5  0 .80  0 .2566  0 .987  187 .1  
0  41  . 5  1  . 07  0 .0155  0 .735  670 .4  
0  51  . 5  1  . 07  0 .0120  0  .  69Î  50es .  o  
c  61  . 5  1 .19  0 .0027  0 .998  73 .4  
0  71  . 5  0 .92  0 .0729  0 .955  394 .7  
c  61=5  1  c09  C i  0  OSS 0^989  292-2  
c  41  . 5  1  . 00  0%0342  0 .871  793 .4  
0  51  c5  1  . 34  C .0005  0 .972  486 .4  
c  61 .5  1  . 03  0 .0195  0 .983  247 .3  
c  71  . 5  1  . 00  0  «0246  0 .976  211  . 6  
0  81 .5  1  . 02  0 .0195  0 .961  264 .9  
c  41  , 5  1*15  0 .0061  0 .953  486 .0  
0  51  . 5  1  . 07  0 .0149  0 .973  620 .9  
0  61  . 5  0 .88  0 .1393  0 .967  560  . 9  
0  71  . 5  0 .84  0 .2295  0 .783  1135 .7  
c  41 .5  1  .41  0 .0004  0 .750  1530 .5  
0  51  . 5  1 .27  0 .0022  0 .930  1340 .5  
c 61  =5  1  =00  C *0497  0*933  505*1  
c  71  . 5  1  . 25  C.0021  0 .967  1005 .4  
c 81  . 5  0 .81  0 .5080  0 .769  1382 .3  
0  41 .5  1  .54  0 .0001  0 .943  1047 .8  
c 51  . 5  1 .10  0 .013S  0 .900  1273 .5  
0  61  . 5  0 .76  C.8892  0 .920  792 .5  
c 71  . 5  0 .95  0 .0735  0 .978  551  .  1  
0  81  . 5  0 .95  0 .0721  0 .969  313 .6  
c 41  , 5  1  . 42  C . 0004  0 .920  878 .4  
c 51  . 5  0 .80  0 .6991  0 .961  438 .6  
c 61  . 5  1 .19  0 .0055  0 .978  792 .2  
0  71  . 5  1 .30  0  . 0013  0 .972  979 .2  
c 81 .5  0 .86  0 .2598  0 .968  538 .  1  
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TABLE A7.3 
TABULATION OF STANDARD DEVIATIONS FOR RESULTS FROM PREDICTIVE METHODS 
Tube Correlation # Standard 
# Points Déviât 
Btu/hr ft °F 
2 Boyko and Kruzhilin [6] : sectional 228 3187.3 
overall 57 3790.8 
2 Akers et al. [7] ; sectional 228 2367.5 
overall 57 690.0 
2 Rosson and t^er [8] : sectional 228 3636.0 
2 Traviss et al. [9] : sectional 171 2179.9 
2 Soliman et al. [10] : sectional 228 1983.8 
3 Modified Akers et al. : sectional 140 2241.7 
overall 35 914.7 
3 Modified Soliman et al. : sectional 140 2052.2 
4 Modified Akers et al. : sectional 168 2150.0 
overall 42 661.7 
4 Modified Soliman et al. sectional 168 1867.6 
5 Equation VI.9 overall 47 839.5 
5 Vrable overall 47 53399.8 
6 Equation VI.9 overall 40 2969.6 
6 Vrable overall 40 52019.4 
7 Equation Vi.9 overall 46 1517.0 
7 Vrable overall 46 56632.4 
8 Equation VI.9 overall 36 1901.6 
8 Vrable overall 36 48857.3 
9 Equation VI.9 overall 11 200.1 
9 Vrable overall 11 183.5 
10 Equation VI.9 overall 15 13159.3 
10 Vrable overall 15 144.9 
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APPENDIX 8. 
REDUCTION OF EXPERIMENTAL DATA 
Each of the 446 experimental runs made during this effort required 
extensive computational labor to render the raw data meaningful. With­
out the aid of a digital computer, the labor required would have limited 
the scope of the experimental program. The computer code written to 
program the machine for data reduction was called DATA. 
Description of Computer Code 
DATA was written in Fortran G for use by the IBM System 370/158 at 
the Iowa State University Computation Center. In addition to the usual 
Fortran subroutines, DATA required the Iowa CADET subroutine STEAM and 
the Iowa State University's Confutation Center's plotting system -
"Simplcttsr." DATA also required the following property functions listed 
in Appendix 10: COOK, PRCOO, CUCONT, and DVISCO. DATA required 96k 
bytes of main core when compiled by the link-editor. In object form, the 
cost to process one set of raw data was approximately $2. DATA is listed 
in Appendix 9. 
DATA was designed to process the information produced by the experi­
mental equipment constructed for the investigation reported here, or by 
the immediate successors of this equipment. Therefore, DATA was endowed 
with a limited amount of flexibility. Some of DATA's important features 
are discussed here. 
Geometric information was supplied to DATA through the use of semi­
permanent "DATA" statements. Each tube required its own set of geometry 
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statements. 
DATA was designed to minimize the amount of input information and to 
eliminate preprocessing requirements. Raw experimental data was read into 
the code. DATA required that the following information be read into it: 
Run Number 
Thermocouple Voltages 
Inlet Pressure 
Differential Pressures 
Coolant Flow Rate 
Test Fluid Flow Rate 
After Condenser Flow Rate 
Exit Flow Regime 
Exit Void Fraction 
Ambient Temperature 
Ambient Pressure 
Tube Angle 
Superheater Power 
Date 
DATA was designed to accommodate large nuisbers of temperature Inputs ^ 
All of the processing of temperatures was done automatically. DATA sorted 
temperatures on the basis of the geometric information supplied for each 
tube. By responding to changes of this geometric Information, DATA would 
adjust to varying thermocouple numbers and placement. In this way, DATA 
was designed to be sufficiently flexible to adapt to a wide variety of 
wall temperature thermocouple arrangements. Where non-functioning thermo­
couples were detected, they were so noted and averaging techniques were 
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adjusted to reflect the loss. 
Wall temperature averaging was also controlled by input parameters 
supplied for each tube and could be easily modified to change averaging 
techniques. Wall ten^erature averaging procedures are discussed in 
Appendix 6. 
DATA produced output in three formats. The printed output tabula­
ted the input information and the reduced data. A plotting feature 
produced graphs to aid in monitoring a run. The graphs were of wall 
temperature, test fluid pressure, heat flux, and heat transfer coeffi­
cient versus tube length. A typical set is presented in Figure 5. 
Lastly, all reduced data were punched onto cards. 
To illustrate the data reduction procedure, a sangle calculation 
is performed here. A medium power, smooth, horizontal tube run was 
selected for this illustration. This is the same run as that used 
for the error analysis example in Appendix 5. The calculation illus­
trated here is for the test of the entire test condenser. The computer 
code, DATA, also performs a similar calculation for each test condenser 
Sample Calculation 
Input Geometric Parameters : 
Tube Number 2 
Tube X, D. 0.545 in. 
Tube 0. D. 0.625 in. 
Tube thermal conductivity 220.0 BTU/hrft°F 
Number of condenser sections 4 
Number of wall thermocouples at each station 3 
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Number of thermocouples 46 
Coolant inlet thermocouple #1 
Test fluid inlet thermocouple #8 
Test fluid condensate thermocouple #10 
After condenser coolant outlet thermocouple #6 
After condenser coolant inlet thermocouple #9 
Location of thermocouples and intersectlonal spacers obtained from 
Table A3=l. 
Raw Data; 
Run number 135 
Test fluid inlet pressure 47.2 psig 
Ambient pressure 29.20 in. Hg 
Differential Pressures, in. Hg ; 
S,4 = +10. 4 Apg ,2 +2.1 
= + 7. 8 Apg 
,1 " 
-1.5 
Thermocouple voltages. mv: 
1. 0.494 10. 1.037 19. 4.055 28. 5.340 37. 5.621 
2. 1.019 11. 4.493 20. 29. 5.528 
CO C
O
 
5.635 
3. 1.610 12. 4.332 21. 4.888 30. 5.533 39. 5.359 
4. 2.126 13. 3.712 22. 4.785 31. 5.489 40. 5.696 
5. 2.626 14. 4.806 23. 5.402 32. 41. 5.668 
6. 1.124 15. 4.237 24. 5.399 33. 5.148 42. 
7. 7.134 16. 4.346 25. 5.024 34. 4.558 43. 
8. 6.776 17. 5.085 26. 5.432 35. 4.395 44. 
9. 0.494 18. 5.028 27. 5.213 36. 45. - -
46. 5.654 
— denotes malfunctioning thermocouple 
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Room temperature 
Date 
Test fluid flow rate 
After condenser coolant flow rate 
Coolant flow rate 
Height of liquid column in void trap 
Exit flow regime 
Superheater power 
Cross sectional flow area, A^: 
X 4 (4) (144) 1.62 X lO"^ ft^ 
Heat Transfer areas, A^^: 
A. . = iTd.L . ^(.545X11.974) . ^,2 
76.0 ° 7 
5 August, 1974 
458.542 Ibm/hr 
242.0 units 
9.0 gpm 
14.5 in. 
Droplet Annular 
Flow 
nc JLZ 
Test fluid inlet pressure, p^: 
P3 = p^^ + 0.4912 p^ = 47.2 + (0.4912) (29.2) 
= 61.5 psia 
Test fluid exit pressure, p^: 
p. = Pc - 0.4912 Z Ap i + l,i - P, 
= 61.5 - 0.4912 (10.4 + 7.8 4- 2.1 - 1.5) - 4.47 
=47.8 psia 
where p^ is factor to correct for the head of condensate due to the differ-
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ence in elevation between the nanometer and the pressure tap. 
Converting from voltages to temperatures and averaging those wall 
temperatures at the same stations yields 
Test condenser coolant Inlet temperature: = 54.8 
Test condenser coolant exit tetçerature: T^ = 146.5 °F 
After condenser coolant inlet temperatures Tg = 54.8 
After condenser coolant exit temperature: Tg = 82.9 "F 
Test fluid inlet temperature; Tg = 304.6 ®F 
Test fluid condensate tençerature: = 79.1 ®F 
Average circumferential wall teuçeratures, ®F: 
208.1 h 258.8 
^2 
219.1 h 245.0 
^3 228.9 h - 262.6 
T. a 
= 233.3 = 260=5 
^5 
= 249.8 264.4 
•^6 
= 251.8 263.9 
Coolant energy gain, q: 
1 = »c«5 - V 
where 
= (9.0)(0.1337)(62.4) = 4510 Ibm/hr 
and 
coolant enthalpy @ = 146.5'F, saturated = 114.4 BTU/lbm 
coolant enthalpy 0 T^ - 54.8®F, saturated = 22.8 BTU/lbm 
from the ASMS Steam Tables [237 3 
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Therefore: 
q = 4510 (114.4 - 22.8) - 413,000 BTU/hr 
The average outside wall temperature for the entire tube is 
12 
-
T = = (208.1 + 219.1 + 228.9 + 233.3 
+ 249.8 + 251.8 + 258.8 + 245.0 
+ 262.6 + 260.5 + 264.4 + 263.9)/12 = 245.5 
The average test fluid saturation pressure is 
2 
where: 
= •'sat«l-" = 294.5 T 
= 277.9 T 
from the ASME Steam Tables [237], therefore 
T_^ = (294.5 4- 277.9)/2 = 286.2 
The overall heat transfer coefficient 
U = 413,000 
A, (T - T ) 1.71 (286.2 - 245.5) 
nt tf w 
5930 BTU 
hr ft^ °F 
where 
so 
h w i 
c 
\ ° 'n" - 24ir 'dT' ' 
w i 
- 1 in em»-' 5930 (220) (24) " \545 
= (0.0001686 - 0.00001414)-1 
h^ = 6470 BTU/hr ft^ °F 
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APPENDIX 9. 
DATA REDUCTION COMPUTER 
PROGRAM LISTING 
294 
*»•* DATA 
CATA IS AN EXPERIMENTAL DATA FEOUCTICN COMPUTER CODE DESIGNED TO 
OPERATE ON CATA PRODUCED BY THE IN-TU8E CONDENSATION FACILITY AT 
THE HEAT TRANSFER LABORATORY OF THE MECHANICAL ENGINEERING DEPART­
MENT OF IQ8A STATE UNIVER SITY.ALTHOUGH THIS CODE HAS BEEN DEVELOP­
ED FOR USE WITH THE MARK II M0D.2D3 CONDENSATION APPARATUS,IT HAS 
BEEN ENDOWED WITH SUFFICIENT FLEXIBILTY TO BE USEABLE WITH THE 
SUCESSORS TO THIS EQUIPMENT. 
CATA PECUIERS THE FOLLOWING SUBROUTINES: STEAM.SIMPLOTTER.COOK. 
PR COO,CUCONT,D VI SCO.A DESCRIPTION OF THE VARIABLE NAMES USED BY 
CATA IS PRESENTED BELOW. 
LIST OF NOMENCLATURE 
AFINS=CR0£S SECTIONAL AREA OF FINS . INCHES»»2 
AHTIN(I )=HEAT TRANSFER AREA INSIDE TUBE SECTION I . FEET**2 
AHTOAI=QVERALL HEAT TRANSFER AREA INSIDE TUBE , FEET»*2 
ALPHAO=TEST FLLID EXIT VOID FRACTION 
ANCLE=ANGLE CF TUEE TO THE HORIZONTAL . DEGREES 
ANMC=ANNULUS INSIDE DIAMETER . INCHES 
ANTCSC=AVERAGE NUMBER OF THERMOCOUPLES PER SECTION 
ARRKI ,J)=ARKAY USED TO MATCH T(I ) WITH TCLCJJ 
AWIRES=:CPCSS SECTIONAL AREA OF THERMOCOUPLE WIRES . INCHES**2 
AXCC=CFOSS SECTIONAL FLOW AREA FOR COOLANT . FEET**2 
AXTF=CKOSS SECTIONAL FLOW AREA FOR TEST FLUID . FEET**2 
BI=CURRENT DRAWN BY BOILER . AKPS 
CCIi«»ET=CCS«S?EN7S Cfi RUN 
CCCK=FUNCTICN NAME FOR COOLANT THERMAL CONDUCTIVITY 
CUCCNT=FUNCTI0NAL RELATIONSHIP BETWEEN TEMPERATURE AND EMF FOR 
COPPER-CCNSTANTINE THERMOCOUPLES 
DATE=CATE CF BUN 
DELCOA=COOLANT TEMPERATURE RISE THROUGH TEST CONDENSER , DEGREES F 
DELENT=ACCLRACY OF TEST FLUID ENTHALPY CALCULATION , PERCENT 
DELCA=TEST FLUID DIFFERENTIAL STATIC PRESSURE BETWEEN ENDS OF TEST 
CONDENSER . PSI 
DELSECCI)=TEMPERATURE DIFFERENCE BETWEEN AVERAGE INTERNAL TEMPER-
TURE AND AVERAGE WALL TEMPERATURE FOR SECTION I . DEGREES F 
DELTAPd,J)=TEST FLUID STATIC PRESSURE DIFFERENTIAL BETWEEN STATIONS I 6 J 
. PSAI 
DELTCOil)=COOLANT TEMPERATURE DIFFERENCE BETWEEN SECTIONS I AND 
SECTION I+X . DEGREES F 
OELTCA=OVER ALL TEMPERATURE DIFFERENCE BETWEEN AVERAGE TEST FLUID 
TEMPERATURE AND AVERAGE WALL TEMPERATURE . DEGREES F 
0ELTPC=C00LANT TEMPERATURE RISE THROUGH POST CONDENSER * DEGREES F 
DVISC0=C00LANT DYNAMIC VISCOSITY , LBM/HR FOOT 
EFLCWR=DESCRIPTICN OF EXIT FLOW REGIUME 
EMF(I)=THEPMOCCUPLE INPUT VOLTAGE . MILLIVOLTS 
ENT(I)=T£ST FLUID ENTHALPY AT LOCATION Ï . STU/LBM 
ENTM=TEST FLUID EXIT ENTHAPLY AT SATURATION . BTU/LBM 
FINCCN=FIN GEOMETERY MULTIPLIER 
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c 
c FIKh=FIN hEICTh « INCHES 
C 
C FIkW=FIN WICTH . INCHES 
C 
C SCCO=COOLANT MASS FLUX « LBM/HR FOOT*»2 
C 
C GLAe=GRAPH LABLE 
C 
C GPfCCQ=CCOLANT FLCW RATE , GPI» 
C 
C GPMTF=TEST FLUID FLOW RATE « CONDENSED PHASE « PERCENT FULL FLOW 
C 
C GTF=TEST FLUID MASS FLUX . LBM/HR FOOT#*2 
C 
C H(I)=AVERAGE HEAT TRANSFER COEFFICIENT IN SECTION I , 
C 8TU/HB F00T*«2 DEGREE F 
C 
C HFLX;i)=AVERAGE MEAT FLUX OVER SECTION I . ÔTU/HR rT«*2 
C 
C HFLXCA=AVEFACE HEAT FLUX OVER ENTIRE TUBE , BTU/HR FT**2 
c 
C HOAAVI=OVEP ALL AVERAGE INTERNAL HEAT TRANSFER COEFFICIENT . 
C BTL/HR F00T**2 DEGREE F 
C 
C IAKN=ANNULIS IDENTIFIER 
C 
C IFIN=NUMBER OF FINS 
C 
C INCOO=NUMBER OF COOLANT INLET THERMOCOUPLE 
C 
C INTF=NUMBES OF TEST FLUID INLET THERMOCOUPLE 
C 
C IClTFcNUMEER OF TEST FLUID OUTLET THERMOCOUPLE 
C 
C IFCC=NUMeER CF POST CONDENSER OUTLET THERMOCOUPLE 
C 
C ITUBE=TUBE IDENTIFIER 
C 
C IWEGH( I ) = INTERGER VALUE OF MEIGHTdl 
C 
C KCLNTA(I}=NUMBER CF THERMOCOUPLES AT LOCATION I 
C 
C KCLNTC(I)=TEMPERATURE INDICES FOR CALCULATED RESULTS OUTPUT 
C 
C KOUNTDzNUMBER CF TAVLWtl) POINTS 
C 
C KOLNTS!!)=MUMSER OF SALL THERKCCCUPLES IN SECTION I 
C 
C KCtNTW=NUMEER CF NON-ZERO AVERAGE WALL TEMPERATURES 
C 
C KCUNTX=NUMEER CF TAVL(I) THAT ABE ZERO 
C 
C ICOUNTY=NUMEER OF TAVLtlJ THAT ARE NCN-ZERO 
C 
c M=NUt»8efi CF PRESSURE TAPS : SPACERS o ETC. 
C 
C MFRAC=KASS FLOW RATE CF COOLANT THROUGH THE AFTER CONDENSER « 
C LBM/HR 
C 
C MFRCCG=CCGLANT MASS FLOW RATE . LBM/HR 
C 
C MFRTF=TEST FLUID WASS FLOW RATE . LSM/HR 
C 
C N=NUMBER OF WATER COOLED SECTIONS 
C 
C NATC=NUMBER OF ACTIVE THERMOCOUPLE LOCATIONS ON TUBE WALL 
C 
C NPRxNUXBER CF PCkS OF PRESSURE ENTRIES IN OUTPUT 
C 
C NRLNsRUN NUMBER 
C 
C NTAVLR=NUMBER OF ROWS FOR TAVL IN OUTPUT 
C 
C NTC=NUM8ER OF THERMOCOUPLES 
C NTCPCW=NU*EER CF ROWS Or TEMPERATURES IN OUTPUT 
C 
C NZ=NUMEEP CF TEST SECTIONS LESS ONE 
C OAL=CVER ALL LENGTH OF TEST CONDENSER « FEET 
C 
C P(I)=TEST FLUIC STATIC PRESSURE , PSIA 
C 
c pATM=ATMOSFHERIC PRESSURE , PSIA 
C 
C PINAVE=AVERAGE PRESSURE INSIDE TEST CONDENSER t PSIA 
C 
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c 
c PINSUM=SUM CF PRESSURES IN TEST CONDENSER . PSIA 
C 
C PEROEL=ACCLARCY OF HEAT BALANCE • PERCENT 
C 
C PI— 
C 
C PÎ^G=ATHOSPi-ERîC PRESSURE . INCt-ES OF MERCURY 
C 
C PITCHF=FIN PITCH , FINS/INCH 
C 
C PMAXG=MAXIMUM SYSTEM TEST FLUID STATIC PRESSURE .PSIA 
C 
C PCl»EPE = eCILER FCWER . WATTS 
C 
C POI»ERS=SUPERHEATEB POWER . WATTS 
C 
C PRC00=FUNCTI0N NAME FOR COOLANT PRANOLT NUMBER 
C 
C PSECd )=AVERACE TEST FLUID STATIC PRESSURE PER SECTION . PSI 
C 
C QCCC<I)=HE*T TRANSFEREO TO COCLANT IN SECTION I , BTU/HR 
C QCCCCA=TOTAL l-EAT TRANSFERED TO COOLANT . BTU/HR 
C 
C QCCTCT=SUM OF ENERGY REMOVED FROM TEST FLUID BY THE COOLANT IN 
C BOTH THE TEST CONDENSER AND THE AFTER CONDENSER , BTU/HR 
C QTFCA=TOTAL HEAT TRANSFERED FROM TEST FLUID * BTU/HR 
C 
C RECOAS=SUM CF ALL COOLANT REYNOLDS NUMBERS 
C 
C RECCC(I)=CCOLANT REYNOLDS NUMEER IN SECTION I 
C 
C RECCCA=AVEPACE CCCLANT REYNOLDS NUMBER 
C 
C RCCMT=POOM TEMPERATURE . DEGREES F 
C 
C ROSS=SPECIFIC GRAVITY OF TEST FLUID FLOW METER FLOAT 
C 
C SA(I)=SUM CF TEMPERATURES AT LCCATICN I . DEGREES F 
C 
C SECL (I3=LENGTh CF SECTION I , FEET 
C 
C SECLAV(I)=AVERAGE LOCATION OF SECTION I . FEET 
C 
C SI=CURRENT CRAWN BY SUPERHEATER , AMPS 
C 
C SS(I)=SUM OF WALL TEMPERATURES IN SECTION I , DEGREES F 
C 
C SSECd )=FCSITICN CF SPACER I * FEET 
C 
C T( I )=ThERMCCOUFLE TEMPERATURE CORRESPONDING TO EMF(I) .DEGREES F 
C 
C TAVCOA=OVERALL AVERAGE COOLANT TEMPERATURE , DEGREES F 
C 
C TAVCCCfI)=AVERAGE COOLANT TEMPERATURE IN SECTION I . DEGREES F 
C 
C TAVCCS=SUM CF AVERAGE COOLANT TEMPERATURES . DEGREES F 
C 
C TAVL(I)=AVERAGE TEMPERATURE AT LOCATION Ï , DEGREES F 
C 
C TAVLW(I )=NCN-2ER0 AVERAGE TEMPERATURE ALONG TUBE WALL « DEGREES F 
C 
C TAVSEC(I)=AVERAGE WALL TEMPERATURE IN SECTION I , DEGREES F 
C 
c TC=AVEBA6E NUMEER OF THERMOCOUPLE WIRES PER SECTION OF TUBE 
C 
C TCCIA=THERI*CCOUPLE WIRE DIAMETER , INCHES 
C TCL( I )=LOCATÏON OF THERMOCOUPLE I . FEET 
C 
C TCLWd )=LCCATICN CF TAVLW( I ) * FEET 
C 
C TCCC(I)=CCCLANT TEMPERATURE AT LOCATION I . DEGREES F 
C 
C TF=TEST FLUID 
C 
C TINAVEtI)=AVERAGE TEST FLUID TEMPERATURE INSIDE SECTION I . 
C CEGREES F 
C 
C TINOA=AVERAGE TEST FLUID TEMPERATURE . DEGREES F 
C 
C TINCASsSUM OF TEST FLUID TEMPERATURES INSIDE TUBE AT ALL LOCATIONS 
C CEGREES F 
C 
C TINSUP=TEST FLUID INLET SUPERHEAT . DEGREES F 
C 
C TK=TUEE MATERIAL 
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c 
C TOLSUe=TEST FLUID OUTLET SUBCOOLINC • DEGREES F 
C 
C TR=WALL THERMAL RESISTANCE FACTOR . HR FOOT DEGREES/ 
C 
C TSATAVd)=AVERAGE SATURATION TEMPERATURE IN SECTION I . DEGREES F 
C 
C TSATIK=TEST FLUIC SATURATION TEMPERATURE AT INLET . DEGREES F 
C 
C TSATCU=TEST FLUIC EXIT SATURATICN TEMPERATURE , DEGREES F 
C 
C TUeEID=TUeE INSIDE DIAMETER . INCHES 
C 
C TUBEK=THERMAL CONDUCTIVITY OF THE TUBE MATERIAL . BTU/HR FT DEGREE 
C 
C TUEECO=TUEE CLTSICE DIAMETER . INCHES 
C 
C TWCA=SUM OF ALL TEMPERATURES OVER ENTIRE TUBE . DEGREES F 
C 
C TWAOA=OVER ALL AVERAGE WALL TEMPERATURES , DEGREES F 
C 
C ve=VQLTAGE ACROSS BOILER . VOLTAGE 
C VCCCIS=CCCLff.T INLET VELOCITY . FEET/SEC 
C 
C VS=VOLTAGE ACROSS SUPERHEATER . VOLTS 
C 
C VTFIN=TEST FLUID INLET VELOCITY . FEET/SEC 
C 
C WEIGHT(I)=*EIGHTING FACTOR FOR T«I)FOR CALCULATING AVERAGE WALL 
C TEMPERATURES 
c • 
C X(I)=TEST FLUID MASS QUALITY LEAVING SECTION I 
C 
C Z=hEIGHT CF LIQUID COLUME IN VCID TRAP , INCHES 
C 
c 
c 
DIMENSION CELTAPC10«10)«PC 10).P£EC(10)*IM(SO).HFLX( 10}.ARR1(50.SO) 
DIMENSION SSEC(10).AHTIN(10).SECL(10).0ELSEC(10)iDELTCO(10).X(11) 
DIMENSION ENT(1I),H(1 1).QCOO< 10)>KOUNTA(50).EMF(50) .SECLAVC10} 
DIMENSION KCUNTS(10),SA(SO),SS(SO),T(SO),TAVCOO(10).TAVL(SO) 
DIMENSION TAVSEC(IO).TCL(50).TCCC(10).TSATAV(10).TI NAVE(10) 
DIMENSION hINCALC10).H0UCAL(10) .UINCALC10),RECOO(10).DIFF3(10) 
DIMENSION TAVLhtSO) .KOUNTC(SO)•CLAB(S).TCLW(50)o«EIGHT( 6} 
DIMENSION IWEIGH(6).XB(10)*OATETM(6) 
I NTEGEWZ TF{3) .TM(9) .EFLOWR ( 18 ) .COMMET ( 25 ) .DATD( 9) 
PEAL*4 MFRTF.MFRCCO. NRUN.MFRAC 
REALtC IFIN 
C 
C GEOMETRY INPLT 
DATA ITUBE/2/.TU8EOD/0o62S/,TUBEID/0.S4S/,TUBEK/220.0/ 
DATA IFIN/0.0/.PITCH/0.0/.FINH/C.OOO/.FINW/0.0000/.FÎNCON/0.0/ 
DATA SSEC/C.000.2.992.5.982.8.969.11.979.5*0.0/ 
DATA IANN/l/.ANNID/l.025/ 
DATA N/4/.NGRUP/3/ 
DATA TM/«TY«.'PE'.' L'.'-H'.'AR«.'D •.•CO*.«PP•.•ER•/ 
DATA ANTCSC/9.C/.TCDIA/0.032/ 
DATA TF/'ST".'EA'.'M '/ 
DATA ANGLE/0.0/ 
DATA TCL/21.0.22.0.23.0.24.0.25.0.26.0.27.0.12.083.-1.5.30.0.0.5.0 
1.5*0.5.1#5.1#5.1.5.2.5.2.5.2.5.3.5.3.5.3.5.4.5.4.5.4.5.5.5.5.5. 5.5 
Z.6.5.6.5,6.S.7.5.7.5.7.5.8.S.e.E.8.5.9.5.9.5.9.5.10.5.10.5.10.5.11 
3.5«ll.:.ll.5.4*0.0/ 
DATA NTC.INCOO.INTF.IOUTF.IPCO.IPCI/46,1.8.10.6.9/ 
DATA F0SS/e.04/ 
DATA GLAB/' RL'.'N * •.' •.= •.« •/ 
CATA ÎHElCh/1.1.1.0.0.0/ 
DATA ARR1/2500*0.0/ 
ISW=0 
CALL STEAM 
C 
C PRESSURE INPUT 
9999 REA0(S.1.END=9Ç<57) NRUN.PMAXC.P IHG. (DELTAP ( I-*-l . I) . I =I .N) 
1 FORMAT(A3«F5«2oF6.3.11F6.3/9F6.2; 
C 
C TEMPERATURE INPLTS 
C 
READ(S,2) (EMF(I).1=1.NTC) 
2 FOBMAT(1«FS.3/1€F5.3/16FS.3) 
C 
C FLCW CONDITION INPUTS 
C 
REAC(S.3) FCCMT.OATD 
3 FORMAT(F4.1.9A2) 
REAC(S«4) MFRTF.MFRAC.GPMCOO.Z 
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4 FORMAT(F7.3.FS.1.2F5.2) 
REAC(E.S) EFLOWR 
5 FCPKAT(18A2) 
REAO(£.£) VS.SI 
6 FCPMAT(2FS.2) 
READ(S.7) CCMfET 
7 F0RMAT(2£A2) 
C 
C 
C 
c 
CALL DATE(CATETM) 
C 
C CECMETRY CALCULATIONS 
C 
M = K+1 
NZ=N-1 
PI=2.141SÇ£€=4 
AWIRES=(ANTCSC*PI*(TCOIA*«2))/4.0 
AFINS = IFIk#FImri*F:NW*FINCON 
AXTF=(C(<TUBEID**2>»PI)/4.0)-AFINS>/144.0 
AXCC=(((((ANNIC**2)-(TU8ECD**2))*PI)/4.0)-AM 1RES}/144.0 
AHTOAI=0.0 
0AL=0.0 
00 30 1=1.K 
SS(I3=0.0 
KCLMS<I)=0 
SECL(I )=SSEC(I + 1)-SSEC(1J 
SECLAV(I}=<SSEC<I+l)+SSEC(I))/2.0 
AHTIK< I )=(PI»Tll8ElD*SECL(I) )/12 
AHTCAI=AHTCAI+AhTIN(I) 
CAL=CAL+SE<L(I) 
30 CONTINUE 
C 
C PRESSURE CALCLATICNS 
C 
PATM=0.49115ia»FIHG 
0ELPQA=0.0 
DO 40 1=1.N 
40 OeLPCA=OELFCA+CELTAP( 14-1. I)*0 .4912 
P(M)=PMAXG+PATM 
P(M)=F(M)-(5.7S)/(12.0»VPTL(P(M),ROGHT)*I44.0) 
DO 41 1=1.N 
L = M-I 
P<L)=P(L+l)-DELTAP(L*l,L)#0.4912 
P<L)=P<L)-<36.12S-AeS(DELTAP(L+l.L)))/(12.0*VPTL(P(L).HOOMT)«144.0 
1 ) 
41 CCkTINLE 
PINSUH=C.0 
OC 42 1=1.h 
PSEC(I)=(P(I+l)+P(I))/2.0 
P INSU»»=P1NSUM+PSEC{ I ) 
OELTAPd + l ,I)=CELTAP( I+l , I)*0 .4912 
42 CONTINUE 
FINAVE=PINSOM/FLCATt N) 
C 
C TEMPERATURE CALCULATIONS 
C 
DO se 1=1.NTC 
IF (EMF( I) .LE.0.0) GO TO 51 
T( I)=CUCCNT(EkF(I )) 
GO TO SO 
51 T<l)=10000c0.0 
3w # amwc 
00 52 1=1.KTC 
00 £3 J=1«kTC 
IF tABSCTCL(I)-TCLCJ]l.LT.C.OOCl) GO TO 54 
53 CChTINUE 
54 IF (TCL(I).GT.OAL) GO TO 55 
ARfil(I.J)=T(I ) 
GC TC S2 
55 ARR1<I.(2#I)-J)=T(1) 
52 CCKTINUE 
OC se J=i.NTC 
L=0 
KCUKTA(J3=0 
SA(J } = 0.0 
IF(TCL<J).GT.CAL> GO TO 58 
IF (TCL(J).LT.C.OOOl) GO TO 58 
DO 57 1=1.NTC 
IF(ARR1(I,J).GT.10000.0) GO TC 71 
IFÎARRÎiI.JÎ.LT.O.OOOÎÎ GO TO 57 
L=L41 
KEIGHTtLÎ =FLOATt îisEIGH(L)3 
SA( J) = SA(JMWEIGMT(L)*ARR1( I.J) 
KCtNTA( J3=KCUNTA{ J) + II*EIGh<LJ 
57 CONTINUE 
GO TC 56 
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se COKTINCE 
DO 74 K=1.MC 
IF(JRR!(K.J).LT.10000«0) GO TO 75 
ARR1(K«J}=0.0 
75 CCKTINUE 
SA(J)=SA(J)+ARR1(K.J) 
IF (ARRtCK.JJ.LT.0.0001) GO TO 74 
KCUNTA(J)=KCLiKTA(J)'i-l 
74 CONTINUE 
GG TO 56 
71 CONTINUE 
SA(J)=0.0 
KCUKTA(J)=0 
DO 7Z K=X,NTC 
IF(ARR1(K.J).LT.O.0001) GOTO 72 
IF(ARR1<K.J}.LT.10000.0) GO TC 73 
ARRKK, J)=0.0 
GO TC 72 
73 CONTINUE 
KOCNTA ( J )=KCUNTA( J ) «-1 
SA(J)=SA(J}+ARR1(K.J) 
72 CONTINUE 
56 CONTINUE 
KOLNT»=0 
DC 59 J=1.NTC 
IF (SA(J).LE.O.wûûi) GC TÔ 60 
TAVL;J:=SA;J)/FLOAT Î K OUNTAÎ J Î Î 
KCLNT*=KCUNTW+1 
GO TO £9 
60 TAVL(J)=0.0 
E9 CONTINUE 
OO 61 J=ltNTC 
OC 62 1=1«N 
IF(TCL(J).LT.0.00) GO TO 64 
IF (TCL(J).LE.SSEC(I+l)) GO TO 63 
IF <TCLCJ).GT.CAL) GO TO 64 
62 CONTINUE 
64 GC TC 61 
63 SS(I)=SS(I)+TAVL(J) 
IF (TAVLlJ).GT.C.O) GO TO 65 
GO TO 61 
65 KOUNTSd J=KCUNTS( I) + î 
61 CCNTINtE 
NATC=C 
T*CA=0.0 
DO 66 1=1.N 
NATC=NATC+KCUNTS{I) 
T«CA=TMOA-t-£S<I) 
• cc^ * T >  —ec / T * ^ i  m* Vf y m iwtc/ t % \ 
66 CONTINUE 
TttA0A=T10A/FLCAT{NATC} 
T5ATIN=TSL(P(M)) 
TSATGU=TSL(F(!)) 
TINSUP=T(INTF)-T£ATIN 
TOU£UB=TSATOU-T(lOUTF) 
00 67 1=1.N 
TSATAVCI)=(TSL(P(I))*TSL(P(I+l)))/2.0 
TINAVE(Iî =TSATAV(I) 
67 CONTINUE 
TINAVE(N}=(T<INTFJ+TSL<P(N)))/2.0 
TC00(1)=T(INCCC) 
DO 68 1=2,M 
TCCC(I)=T(INCCC+I-1) 
68 CONTINUE 
DCLCCÂ^Û eÛ 
TAVCCS=0.0 
DO 69 1=1.N 
DELTCO(I)=TCCC(I+l)-TCOO(I) 
TAVCCOÎI) = (TCCCCI-t-l)+TCOO(I))/2.0 
TAVCCS=TAVCOS+TCOO(1) 
DELCCA'OELCCA+CELTCOd) 
DELSECtI)=TINAVE(I)-TAVSEC(I) 
69 CONTINUE 
TAVCQA={TAVCCS-e-TCCOCMJ)/FLQATtMl 
TINOAS=T(INTF) DC 70 1=1,N 
TINOAS=TINOAS+TSL(P(I)) 
70 CONTINUE 
TINOA=TINOAS/FLCAT(M) 
DELTOAzTINCA-TWAOA 
oelt?c=tî:?cgîotîipci) 
FLCW CALCULATIC^iS 
C î = C BOS £/V PTL (P ATM.39.2}) -M. 0/ VPTL { PAT*. T { î NCOO) : î
C2=(I:CSS-1 .0)/Cl 
C3=C2/VPTL(PATW.T(INCOO)) 
MFRCOO=((GPMCOO*0.1337*âO.O«SQRT(C3))/VPTL(PATM.T(INCOO))} 
300 
MFPAC=-33.Sei86897 + 13.59038699*MFRAC+0»00728251»< MFRAC**2) 
GCOa=MFRCOC/AXCO 
VCCCIN=(CCCO»VPTL(PATM,T(INCOO)))/3600.0 
GTF=MFRTF/A*TF 
VTFIN=(GTF4VPTC(P(H).TtINTF)))/3600.0 
RECCAS=0.0 
00 80 1=1.N 
RECCCd)=GCC0#(ANN1D-TU8EGD)/(12.0•DVISCO(TAVCOO(I))) 
RECCAS=RECOAS-fRECCO(I ) 
80 CONTINUE 
REC0CA=RECCAS/FLCAT(NI 
C 
C MEAT TRANSFER CALCULATIONS 
C 
acoooA=o.c 
OC 90 1=1.h 
QCOOd)=MFPCOC*(hFT(TCOO(I+l))-HFT(TCOO<I>I) 
HFLX(I)=QCCO(I)/AHTIN(I) 
QCCCGA=CCCCCA+CCCC(I) 
90 CONTINUE 
HFLXCA=CCCCCA/AhTCAI 
91 ENT(M)=HPTC<P(M) .TAVL( INTF) ) 
TR=(TUBEIC*ALOG(TUBEOD/TUBEID))/24.0 
OO 95 1=1.k 
MC I ) = 1.0/C(CAHTIN<I)*DELSEC( I))/QCOO(I))-TR/TUBEK) 
95 CONTINUE 
HCAAVI = 1,0/C C{AHT0AI*DELTCA)/QCC00A)-TR/TUeEK) 
DC 96 1=1. N 
ENTtM-I)=ENTCM-I+1)-{GCOO(M-I)/KFRTF) 
96 CONTINUE 
93 ENTk=HPTL(F(l).T(lOUTF)) 
OTFOA=MFRTF*(ENT(M)-ENTM) 
QAFCCN=MFRAC»(hFTtT{IPC05)-HFT(T(IPC!))) 
OCCTCT=QAFCCN+CCCCOA 
PERDEL=<(CCOTOT-QTFOA)/QCOTOT)*100.0 
XEAR=0.0 
DC 97 1=1.M 
X (I)=(ENT(I)-hFT(TSL(P( IJ)))/(HGT(TSL(P(I)))-HFT(TSL(P( 1)))) 
X6AR=X8AR+X(I) 
97 CONTINUE 
XEAR=XEAP/FLCAT(M) 
DO 98 1=1.N 
xe(i)=(x(i}4X(i4i))/2.o 
98 CONTINUE 
ALFMAO=(I.O-Z/IE.O)*100.0 
C 
C MISCELLANEOUS CALCAULATIONS 
C 
FCIlEB£=( VS*SI )/3.4129 
KOLNTX=KOUNTW 
KCLNTY=Q 
K0LKTD=0 
OO 20 1=1.NTC 
IFiTAVLd) .GT.0.01) GO TO 21 
KCLNTX=KOLNTX+1 
IM(KCONTX)=I 
GO 70 20 
21 KOUNTY=KOUNTY+1 
IM(KCUNTY)=I 
IF <TCL(I).GT.CAL) GO TO 20 
IF (TCL(I).LT.O.O ) GO TO 20 
TAVLW(KOUNTD)=TAVL(I) 
TCL»(KOUNTC)=TCL(I) 
20 CONTINUE 
GLAE(3)=NRLN 
IF(ISk.EC.l) GC TO 9990 
CALL ORIGIN (2.5.2.5.1) 
IS*i = l 
GO TC 9991 
9990 CALL CRIGIN(11.0.0.0.1) 
9991 CONTINUE 
CALL ORIGIN (2.2.2.0.6) 
CALL GRAPH(KCUNTO.TCLM.TAVLW.1,-7.8.0,6.0.1.5,0.0*50.0.00.0000000. 
1» LENGTH , FEET»,» DEGREES F; » .GLA8.•WALL TEMPERATURE 
2;  »  )  
CALL ORIGIN (0.0.0.0.0) 
CALL ORIGIN (11.0.2.5.1) 
CALL GRAPH (N.SECLAV,M,2,-107.8.00,6.00,1.50.0.0.4000.0,0.0000000, 
1» LENGTH » FEET»,»BTU/HR DEGREE F SOFT ». GLAS, •HEAT TRANS. CO 
2EFF. «) 
CALL CRIGIN (11.0,0,0,1) 
CALL GRAPH (N,SECLAV,HFLX,6,-107,8.00,6.00,1.50.0.00.70000.0.0.00, 
1» LENGTH . FEET'.» BTU/MR SO FT'.GLAB.» HEAT FLUX:») 
CALL ORIGIN (11.0.0.0,1) 
CALL GRAPH (M,SSEC, P ,3,10 7,8.00,6.00,1.50.0.00,16.66666667,0.0, 
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1* LENGTH . FEET « « « PSI A:••SLAB»•TEST FLUID PRESSURE 
2» )  
OUTPUT FORMAT FOR RUN DATA 
«RITECe.lOOl KFON 
100 FOKMATt•1«,•///////.36X.«RUN * '.AS) 
MRITEie.lOl) CATC 
101 F0RMAT(/.3SX.9A2) 
WRITE(6.116) ITUBE.TF 
116 FORMAT(13X.*TUBE *•.12.35X.«TEST FLUID: •,3A2) 
WRITE(6,102) IANN,ANGLE 
102 F0FKAT(13X«*ANMULUS * '«I2.27X,'ANGLE = «FS.1.' DEGREES') 
VRITE(£.114) MFRTF 
11* FORMAT (//. 13X, 'TEST FLUID FLOW RATE ' ,F7. 
13,' L8M/MR») 
WR1TE(6. US) MFRCOO 
lis F0SMAT<13X.'CCCLANT MASS FLOW RATE .',F7.1,« 
1 UBM/HR') 
WPITE(6,122) MFRAC 
122 FORMAT(13X.'AFTER CONDENSER COCLANT MASS FLOW RATE . . . .'.F7.1.« 
1 LEM/MR') 
MRITE(6,1C3} 
103 FORMAT(//,33X,'PRESSURE . PSIA"./) 
WRITE(e,104} FATM.M,P(M} 
104 FORMAT*13X.'AT#CSFHERIC PRESSURE =',FS.2,6X,'P(',12.').IN_ET PRESS 
lURE =',FE.l) 
NPF=h/4 
IF(NPR.LT.(FLOAT(N}/4.0)) GO TC 117 
GO TO 118 
117 NPP=NPR+1 
118 DO 119 1=1,NPR 
M1 = I 
M2=I+NPR 
M3=I+NPR»2 
M4=I*NPR*3 
WRITE(e.10!) Mi.P(4:),M2,P(M2).M3,P(M2) 
105 F0(:i>AT<13X,'P('«I2,') =• ,F5.1 .4X,'P(', 12, ' ) = ' ,FS. 1 , AX, 'P( ' , I 2, ' ) 
1=',F£.1,4X,'P(',12,'} ='.FS.l) 
119 CONTINUE 
>iRITE(6.106) 
106 FORMAT(//,22X,'TEMPERATURES , DEGREES F',/) 
NTCRCW=NTC/4 
IFCNTCROtl.LT, (FL0AT(NTC)/4.0} } GO TC 107 
GO TO 108 
XC7 N7CPC«=(NTC/4;+l 
108 DO 109 I=1,NTCK0W 
J1 = I 
J2=I+NTCR0* 
J3=I*2*NTCFOW 
J4=I+3«NTCFCW 
WRITE<6,110) Jl.TiJ1),J2.T(J2},J3.T(J3),J4.T(J4) 
110 F0i;VAT(13X,'TC' .12,' )=' , F6 .2 ,4X ,'T C • , 12, ' ) = ' , F6.2, 4X, T( ', I 2, ') = ', 
ÎFC.2.4X,'TÎ=,Î2,')=',F0.2} 
109 CONTINUE 
WRITEC6.120) RCCMT 
120 FORMATt13X,=ROCM TEMPERATURE = '.F4.1,/î 
WRITEC6.113) ALFHAO 
113 FORMATi/l3X,»EXIT VOID FRACTION = '.F6.1,' X*,/) 
WRITE(6,121) EFLCWR 
121 F0RMAT(13X,'EXIT FLOW REGIME : «,18A2) 
MO e  #  ^  ^  
111 FORMAT(//%13X.«SUPERHEATER POWER = •,F4.1,* KW ' ) 
WRITEte,112) COMMET 
112 F0RWAT(/,13X,'COMMENTS : «,2SA2) 
WRITE(e,122) (CATETM(K),K=1,6) 
123 FORMAT(///////.30X.6A4) 
C 
C OUTPUT FORMAT FOR CALCULATED RESULTS 
C 
WRITE(6.200) KRUN 
SRITE(e,2C!} ITL8E,TF 
WRITE(6.202) lANN,ANGLE 
WRITE(e,203) 
NTAVLRsKOUKTW/a 
lF(NTAVLR*LT.CFLCAT(K0UNT«J/8,0)) GC TO 204 
GO TO 20S 
204 NTAVLR=NTAVLR+1 
205 DO 2Ce I=1.NTAVLR 
DC 207 K=l,8 
KOLNTC : K < = : f( 14-NTAVLR« ; K-1 i Î 
207 COWTÎNUc 
WRITE(6,20e) (KCUNTC(K).TAVL(K0UNTC(K)).K=1,8) 
20« CONTINUE 
WRITE(6,209) 
WRITE(6*210) GTF.GCOO 
302 
WRITBTE.fll) VTFIN.VCOOIN 
WRITE(6.212) TTINTFJ.RECOOA 
WRITE! 6,Z 13>TISS(iP.0ELC0A 
aRITe<6.21«) SCTHJ.OELTPC 
• RITEC6.2 16) 
WRITECe«<i:> (P(K).K=1.M) 
WRITE(6.21£) 
WRITE(<.£17) (PSECCK) .K = l .N).P:kAVE 
WRITE(6.2ia> 
WRtTE(6.S 1«) <OELTAP(K*1.K).K = I.N).OELPCA 
WRlTE(6.ZIE) 
• RITE<E.220) (TINAVE(IC).K=I ,N),TINOA 
WRITE(<.2£1) 
WRITE(6.222] (TAVSEC(K).K=l,N].TWAOA 
WR:T£Ce.££l> 
WRITE (6. 223) (OELSECC K} .K = L .N) .OELTOA 
WRITE(«.221) 
WRITE(6.23S) (XB(K).K=l.N).XBAR 
WRIT£(e.22S) 
WRITE<£«224) (X(K).K=1.N}.X(1J 
WRTTE(E.22£) 
WPITE(E.226) (H(K>.K=L.N).HOAAV I 
WRITE(£.227) 
WRITE(6.231) (MFLX(K).K=1.N). HFLXOA 
WRITE(E.23Z) 
WRITE(6.233) (OCOO(K).K=1,N),QCOOOA 
wi:iTE(e.234> 
WRITE(£.235) ÛAFCCN 
W(;ITE(6.234) 
WR1TE<C.237) CTFCA 
WRITE(6.234) 
ASIT£;S.234J CCCTCT 
WRITE(£.234) WRITE(6.23e) FEBOEU 
WRITE(6.230) 
WSITE(6.240) (CATETM{K).IC=1.6) 
200 FORMAT C : ' ./ //.E3X."RUN • «.A3.' CALCULATED RESULTS' ) 
201 FOfiHATt/.37X.'TUBE » '.12.34%."TEST FLUID: *.3*2) 
202 FORMAT (37X.« ASKULUS » ' « I2.27X. "ANGLE = .F5.1. '  DEGREES') 
203 FORMATC/.SIX.'AVERAGE TEMPERATURES . DEGREES F" ./) 
208 FORMAT (06X.'T< ' . 12. ' )=• .F6.2. 4X."TC.I2« ' ) = • .F6. 2.4 X . ' T < » .12.' ) =' . 
IF6.2.4X,'T('.12.' )=' .F6.2.4X. "T (' . 12. • ) = '. F6 .2 .4X . ' T< ' , 12. '  ) = • . F6 . 
22.4X. 'TC '. I£, ' > = '.F6.2.4X.'-T( ' . 12.' ) = ' .F6.2} 
20Ç FCPKAT(//.05X. 'TEST FLUID CONDITIONS :'.44X,'COOLANT CONDITIONS : ' 
1) 
2:0 FOF:M^T(/.07XT'MASS FLUX ........... . '.F9.: . ' LB M/MP SO 
XFT'.12X.'MA£S FLUX. . '.F9.1.' LBM/HR SO FT') 
211 FORMAT <07X,'INLET VELOCITY. « .F6. 1 . ' FT/ 
isec .12X,'INLET VELOCITY '.F4.I.' FT/ 
ZSEC ) 
212 FORMAT (07X.'INLET TEMPERATURE '.F6.2, « DEGREE 
IS F'. 12X.'AVERAGE REYNOLDS NUMBER « .F8.1 ) 
213 FORMAT (07X,'INLET SUPERHEAT •.F6.2,' DEGREE 
IS F'.12X.'OVERALL TEMPERATURE RISE ' . F6 .2 . ' DEGREES 
2F '  ) 
214 FORMAT {07X.'INLET QUALITY '  ,FS 
: 12X: 'TEMPERATURE RISE : AFTER CCr. 0.2.= DEGREES 
•SECTION III'. ?ie FOPMAT(///.18X.44X.'SECTION 1 ' .02X .'SECT ION II» .02X 
102X.'SECTICN IV'.02X.'ENTIRE TUBE'./) 
215 FCRMAT(16X.'L. INLET PRESSURE •.5F12.1) 
217 FORMAT( 16>.'2. AVERAGE INTERNAL PRESSURE •.SF12.Î) 
218 FOPS»AT(25X.«PSIA" ) 
219 FORMAT!lex.'3. DELTA P ALONG TUEE., PtI+l)-P{I». ... '.SF12.1) 
220 FOPM«Ttl6X.'4. AVERAGE TEST FLUID TEMPERATURE « .SF12.2) 
221 FORMAT (25X,'DEGREES F« ) 
222 FÔRMATÎIÊX.'S. AVERAGE WALL TEMPERATURE « .SF12.2 ) 
223 FCPMAT(16X.>6. AVERAGE DRIVING DELTA •.5F12.2) 
239 FCRMAT(iex.'7. AVERAGE QUALITY ... •.3F12.3) 
225 F0RMAT(2£X) 
224 FCRIKfT(16X.'8. EXIT MASS QUALITY ........... ».5F12.3) 
226 FORMAT! lex.>9. HEAT TRANSFER COEFFICIENT ....... •.5F12.1) 
227 FORMAT C25X.'BTU/HR DECREE F SO FT') 
230 FORMAT(2EX.'%') 
231 FOPHATdSX. ' 10. AVERAGE MEAT FLUX ' .5F12. 1) 
232 FORMAT(2SX.'BTL/MP SO FT'J 
233 FORMATClSX.'ll. MEAT TRANSFER ED IN TEST SECTION .... '.SF12. 1) 
234 FCPMAT(25X;'BTU/HR' ) 
235 F0PMAT(i:x. ' 1 2 .  HEAT TRANSFERED IN AFTER CCKDENSER. . . ' .48X.FI2. 
1 1  )  
236 FOPMAT(15X.'13. TOTAL HEAT TRANSFERED TO COOLANT. ... '.48X.F12. 
1 1  )  
237 F0PMAT(15X,'14. I-EAT TRANSFERED FROM TEST FLUID .... ' .48X,F 12. 
1 1  )  
238 FORMAT!LEX.•L£. DIFFERENCE BETWEEN 11&12. ....... '.48X.F12. 
11 ) 
240 FORMAT!/ .!5X.6A4) 
C 
C PUhChEO OITFUT 
C 
tSPITE«7.S0C0 3NRUN.PINAVE. AXTF . AhTO A I. Q AFCON 
8000 F0RMAT!A3.4E1£.£> 
WRITE!?.8001) DELPOA.TINOA.DELTOA.HOAAVI.H IFLXOA.CCOOCA,CCCTCT.! X!K>.P!K) .K = L .M) . ! SECLAV ( J ) . AHT IN! J ) . 
2PSEC1J >.TINAVE( J).TAVSEC! J) .DEL SEC! J) .M! J) .HFLX! J) . GCOOIJ) .DELTAP! 
3J-»1.J).XE(J).J=1.N) .MFRTF.TWACA.QTFOA. !TAVL(L) .L= 1. NTC) 
eool FORMAT!EEIC.B) 
GC TC 9999 
9597 WRITE(«.9!(£) 
9998 FORMAT!' 1») 
STCR 
END 
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APPENDIX 10. 
PROPERTY SUBROUTINES 
In support of the computer codes written for this research program, 
a number of necessary property subroutines and functions were obtained 
or developed. They are described here. 
COOK 
/ BTU \ 
COOK was used to obtain the thermal conductivity ( c*. o? I 
y &&T t L. S f 
of the coolant as a function of tengerature ("F). This function 
was obtained from Morcos and Bergles [255] and is a curve fit to satura­
tion line data for water. It is based upon the ASME Steam Tables [237]. 
COOK is valid over a range of 50-200°F with a mairlTmim error of 
0.13 percent. It is listed at the end of this Appendix. 
CUCONT was used to convert the thermocouple output voltage (mV) 
to temperature (®F). CUCONT is for use with the output from copper-
constantan thermocouples. 
CUCONT is a four part fourth order curve fit to thermocouple 
output voltages for every degree of temperature from 33 to 339 °F. 
These data were obtained from NBS Circular 561 [256]. CUCONT is accurate 
to ±0.05 "F throu^out its range of validity. It is listed at the 
end of this Appendix. 
DVISCO 
DVISCO was used to obtain the dynamic viscosity of the coolant 
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as a function of temperature (°F). This function was 
obtained from Morcos and Bergles [255] and is a curve fit to saturation 
line data for water. The source of data used to obtain DVISCO was the 
ASME Steam Tables [237]. 
DVISCO is valid over the temperature rangé 50-*2CC with a 
maximum error of 0.74 percent. It is listed at the end of this 
Appendix. 
FVISTF 
FVISTF was used to obtain the dynamic viscosity of saturated 
liquid water as a function of temperature. This function is 
recommended as an interpolation foirmula in the ASME Steam Tables [237]. 
FVISTF is valid over the temperature range 32-572 °F with a 
reported tolerance of ±2.5 percent. It is listed at the end of this 
Appendix. 
ME0226 
The subroutine ME0226 was used extensively throughout the machine 
computations performed in support of this effort. ME0226 performs a 
linear least squares rcgressioa analysis on two vectoss. In addition 
to returning the slope and intercept of the resulting equation, it 
also returns selected statistical information. It is available as 
part of the Iowa CADET system [20]. 
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PRCOO 
PRCOO was used to calculate the Prandlt number of the coolant 
as a function of temperature ("F). This function was obtained from 
Morcos and Bergles [255] and is a curve fit to saturation line data for 
liquid water. The source of data used to obtain PRCOO was the ASME 
Steam Tables [237]. 
PRCOO is valid over the temperature range 50-200 °F and has a 
Tiwxi.Tinnn error of 0.28 percent for this range. It is listed at the 
end of this Appendix. 
SIGMA 
SIQIA. was used to calculate the surface tension for saturated 
liquid water ( ^ function of pressure (psia). This function 
was obtained from Todreas and Rohsenow [238] and is a power series curve 
fit to the data of Volyak [257]. 
SIGMA, is valid to a pressure of 1000 psia. It is listed at the 
end of this Appendix. 
Simplotter 
Sliûploîiter is a plotting system available to users of the Iowa 
State University Computation Center [19]. It was used to draw 
the many graphs produced in support of this effort. The subroutine 
calls - GRAPH, GRAPHS, and ORIGIN - appearing in the program listings 
are commands to this system. 
STEAM 
The subroutine STEAM was used to calculate the thermodynamic 
306 
properties of liquid and gaseous water. The properties are called as 
functions of temperature and pressure, temperature, or pressure as 
appropriate. All properties are returned in English units. 
STEAM is available as part of the Iowa CADET system [20] and 
is ultimately based upon the ASME Steam Tables [237]. The ranges of 
validity of steam are: 25-1600 and 0.0-16,000 psla. 
TFCPF 
TFCPF was used to obtain the constant pressure specific heat of 
(BTIJ \ —jas a function of temperature ("F). 
This function was obtained from Todreas and Rohsenow [238] and is a 
series of straight line curve fits to the data of Wellman and Slbbitt [258]. 
TFCPF is valid over the temperature range of 32-650 °F. It is 
listed at the end of this Appendix. 
TFKF 
TFKF was used to obtain the thermal conductivity of saturated 
/ V 
/ BTU \ liquid water L ^ opi as a function of temperature (®F). This 
function was obtained from Todreas and Rohsenow [238] and is a series of 
straight line curve fits to the data of Wellman and Sibbitt [258]. 
TFKF is valid over the temperature range of 32-700 "F. It is 
listed at the end of the Appendix. 
WISTF 
W-ISTF was used to obtain the dynamic viscosity of superheated 
steam (^^ j as a function of temperature (®F) and specific volume 
307 
\lbm / * function is a recommended correlating formula for the 
ASME Steam Tables [237]. 
WISTF is valid over the pressure range: 14.5 psia - the 
saturation pressures in the temperature range: 212-572 °F, It is 
listed at the end of this Appendix. 
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APPENDIX 11. 
TABULATION OF EXPERH-ÎENTAL DATA 
Note; 
Tube Angle 
Runs #60 - #86 -10.0° 
Runs #87 - #111 +10.0° 
RUN 
# 
117  
41  
43  
116 
115  
24  
114  
113  
21 
57  
112 
1 18 
125  
17  
18 
124  
1  9  
123  
16 
29  
1 2 2  
38  
121 
22 
120 
37  
1  19  
131  
1  38  
132  
137  
136  
30  
TABLE A 11.1  
REDUCED DATA-HE:AT TRANSFER COL; FF ICIENTS AND TEMPERATURE DIFFERENCES 
UNITS AS APPROPRIATE : 
BTU/HR SQ FT DEGREES F 
LBM/HR SQ FT 
DEGREES F 
ru  BE MASS HEAT TRANS FER COEi l  =^FICÏENTS DRIVING TEMPERATURE DIFFERENCES 
FLUX 1  I  I  11  I  IV  TUBE I  11  11  I  IV  TUBE 
2  132839  . 8  2845  •  9  4930  9  3828  . 7  4162  2  3752  7  47  58  31  46  23  . 97  25  05  32  31  
2  146035  •  9  3388  . 0  5295  7  6991  . 7  3692  0  4129  3  42  13  28  00  19  . 45  33  14  32  95  
2  148095  .  1  3938  . 9  5160  8  6027  •  (>  3737  9  4202  5  40  74  28  79  21  . 01  34  24  33  32  
2  182814  •  6  3834  •  0  6078  8  6373  . 2  4900  0  4925  1  48  99  31  79  25  . 61  29  59  34  82  
2  212735  •  8  4516  . 3  7081  9  7591  . 6  5254  1  5599  7  48  66  32  15  26  . 13  33  31  36  40  
2  251108  •  1  4971  . 0  12667  2  9859  . 4  6922  3  7198  3  46  25  25  69  22  . 81  32  34  34  13  
2  252365  . 5  5535  . 6  8703  5  6528  6286  5  6236  1  48  02  32  17  37  .  16  38  35  40  98  
2  296522  . 4  6703  . 3  10861  7  9675  . 6  6981  2  7365  0  47  58  29  34  29  . 81  44  65  41  41  
2  299766  . 8  5815  . 2  7992  3  12024  . 9  1031  1  1  7543  4  48  45  37  72  26  . 90  35  57  41  37  
2  316853  .  1  10384  . 7  14234  9  1  3640  . 7  7083  0  8801  0  29  46  23  64  25  . 25  53  92  37  79  
2  338383  . 0  7382  . 6  19412  4  9049  . 8  8648  4  8805  6  36  71  24  83  30  . 76  51  27  40  42  
2  138067  . 5  2959  . 0  5236  0  3577  .  5  3845  7  3779  6  49  06  32  65  25  . 32  25  39  33  25  
2  157£45  . 7  2988  . 7  4360  5  4869  . 8  3777  7  3818  2  54  81  35  64  28  . 72  29  02  37  15  
2  163388  .  1  3442  . 9  5639  4  7434  . 4  5223  4  4773  4  55  56  29  76  19  . 30  20  61  31  74  
2  17945  7  . 7  3720  . 2  7253  6  7359  •  1.  4749  8  5146  0  53  98  30  48  18  . 55  23  44  32  26  
2  201392  # Ik 3363  . 6  6344  0  6853  . 3  5199  1  4936  5  56  52  34  60  27  . 14  31  19  38  1  1  
2  23062H . 6  4443  . 5  7549  4  10180  . 3  6885  1  6318  9  54  63  31  74  22  . 15  25  35  34  51  
2  2  39477  . 4  3969  . 2  7736  5  7886  •  4  6201  2  5791  5  56  01  34  09  28  . 29  32  56  38  97  
2  260624  . 6  5139  . 4  9036  3  13692  .  <)  9346  7  7623  7  53  43  30  23  20  . 70  26  04  34  53  
2  267461  . 6  6206  . 9  9210  7  9532  .  6  6408  2  7153  4  44  81  33  06  26  . 21  34  26  36  42  
2  282605  .  8  6209  . 9  8933  2  9319  •  r  6487  5  7089  4  47  07  32  85  28  . 74  39  19  38  75  
2  283770  .  1  5651  . 8  9211  7  10465  •  ] .  6652  4  7082  0  52  27  32  56  26  . 53  36  48  38  9  3  
2  317807  . 9  6496  . 0  10  914  1  10  133  •  6  7144  1  7685  2  50  41  31  99  30  . 24  43  16  41  4  9  
2  330873  .  3  5058  . 8  9  722  7  11  062  . 6  8013  2  7284  5  59  16  37  99  29  . 62  40  46  44  61  
2  362988  . 9  7747  . 8  11919  7  11  161  •  2!  7696  2  8366  3  48  50  32  84  32  . 71  49  34  44  50  
2  374188  .  1  7069  . 0  7482  4  1  3597  •  6  11122  6  8500  9  54  18  42  88  30  . 87  39  83  45  25  
2  397003  •  9  9152  . 6  14258  0  12507  . 7  8807  6  9381  2  39  04  29  1  1  33  . 93  57  72  44  52  
2  155989  . 4  2411  . 8  4412  2  4703  .  9  4219  6  3584  6  62  08  36  12  28  . 29  26  62  38  50  
2  156991  . 9  2927  . 3  5237  3  519C .  ]  4889  8  4184  8  53  67  32  51  25  . 42  22  91  33  97  
2  183368  . 7  3715  . 2  6222  7  5915  •  2  5510  2  4966  8  51  07  31  62  26  . 63  24  31  33  97  
2  189211  •  3  3355  . 5  5919  1  5758  .  1 4860  0  4608  1  56  27  33  66  28  .  15  28  92  37  29  
2  226796  . 6  3848  .  1  8083  3  5302  •  c'. 5522  7  5293  4  57  13  34  70  30  . 28  32  03  39  27  
2  263742  •  4  6003  . 2  7377  2  7  554  .  ]  7321  1  6765  1  46  54  36  61  29  . 13  32  31  37  06  
w 
M 
H 
PUN TUBE MASS 
0 Ht FLUX 
XàBi-.E Al 1.1 ICON'T) 
HEAT TRANSFER COEFFICIENTS 
II III IV 
135 P. 283047.3 4377 6 8612 3 8868.9 
55 2 304895.1 6769 3 8062 0 9093.0 
134 2 332535.5 5269 6 9886 8 8960.4 
47 2 334733.1 7399 0 10788 5 15043.3 
133 2 385554..7 6418 9 12391 0 11209.9 
27 2 390595.,4 6396 0 10 675 4 11995.6 
48 2 411887..  7 10035 6 18082 3 13231.6 
139 2 1 577C3..7 2551 9 4 764 1 4050.a 
54 2 180099«7 484)1 3 4839 3 6144.1 
1130 2 181533..0 3082 8 5741 0 4392.9 
1 29 2 233947,,  3 3622 1 6382 0 6387.0 
1 28 ?. 291552o6 451 j; 0  81 14 6 8692.3 
33 2 312608.0 7093 6 8922 7 11440.3 
127 2 332342o9 4759 4 8953 8 8959.9 
126 2 369491«9 5687 0 9398 1 9015.3 
53 2 372006.1 5974 1 10 645 7 13933.8 
140 a 388583.7 6948 9 10479 0 8550.9 
49 2 416895.1 10430 9 14717 5 15362.7 
167 Z 311724.7 4760 3 7111 8 8095.1 
169 2 256910.5 4398 4 6218 1 7356.9 
168 2 247531«7 4343 7 6417 1 6510.9 
170 2 210538.2 3305 0 4953 0 5609.3 
171 P. 175341.1 2785 7 4312 1 4942.9 
172 2 138323.6 2285 4 3471 2 4020.9 
64 2 359893.3 64 36 4 1 3090 1 8178.5 
78 2 324178.9 8090 9 14402 5 11645.0 
65 2 290226.3 7759 3 9464 6 10744.9 
66 2 257641«3 8471 9 7845 3 11538.3 
67 2 195553.1 7605 4 7198 9 8846.4 
83 2 107532.3 6853 2 6590 6 7692.1 
68 2 146664.9 5722 4 5328 1 4801.6 
82 2 149457.5 4996 2 4703 5 5678.9 
69 2 151082.2 5616 9 4850 1 5785.3 
77 2 158666.6 5703 1 5483 7 6225.8 
81 2 174851.6 6013 7 5790 2 680 1.5 
76 2 206535.3 6422 2 5978 5 7253.9 
00 2 216820.3 7993 8 7806 7 9077.7 
79 2 243989.6 8383 4 7830 8 9725.0 
75 2 251517.4 8074 8 7807 7 9158.0 
74 2 290610.1 8993 7 9759 1 11178.2 
73 2 326026.4 10038 6 1 1741 5 13437.7 
72 2 405509.9 120 86 7 14036 7 15642.3 
71 2 413575.3 7787 4 12290 1 15691.3 
84 2 415188.2 8872 7 13910 5 15728.1 
85 2 335026.3 7646 8 8739 2 10657.5 
60 2 328885.0 7089 3 8904 6 10147.4 
7192 
6540 
7037 
7572 
9391 
9483 
8893 4093 
4385 
4563 
5521 
6697 
8233 
6838 
6467 
9474 
7076 
10395 
5480 
4352 
4434 
3971 
3352 
3276 
9141 
7987 
6591 
6361 
4767 
5576 
4145 
4577 
4125 
5687 
4744 
5299 
5888 
6543 
7175 
7327 
9780 
10339 
11541 
10899 
7370 
6777 
DRIVING TEMPERATURE DIFFERENCES 
TUBE I II III IV TUBE 
40.73 
40.70 
45o83 
36.52 
44o36 
45.36 
39. 15 
38o67 
32.88 
39.72 
41.78 
43.99 
36.43 
48.08 
51.13 
41.46 
47.77 
37.01 
4 8.75 
44.19 
42.75 
45.26 
43.00 
41.53 
45.84 
40.32 
37.76 
33.15 
30.59 
28.39 
27.86 
27.84 
27.80 
26.44 
28.53 
28.95 
28.57 
30.79 
31.55 
33.34 
32.86 
40.28 
4 3.62 
42.84 
40.24 
40.58 
6 6469 1 59 88 35. 39 29 22 33 22 
7 7174 8 51 63 38. 80 30 16 36 41 
7 7248 9 61 00 38. 97 36 30 39 62 
2 8911 3 45 69 32. 79 24 36 35 29 
0 8645 1 57 07 35. 40 34 52 38 51 
5 8473 9 55 26 38. 69 32 73 42 35 
5 10675 3 43 08 31 .  14 25 46 43 23 
9 3607 4 61 31 36.  99 26 93 26 89 
5 4926 1 44 P.2 36. 04 23 26 26 84 
8 4211 6 59 74 37. 90 30 41 29 90 
4 5084 8 61 44 38. 06 31 98 33 .40 
7 6370 7 64 39 38 66 32 85 35 92 
3 8286 9 46 93 36 90 27 10 29 74 
0 6697 8 68 70 40 85 35 89 41 77 
8 7007 2 69 07 42 34 38 19 47 91 
4 8692 6 63 61 37 76 26 50 32 99 
0 7709 9 56 16 40 14 39 1 1 47 97 
0 11347 4 43 34 32 07 25 67 37 43 
0 5980 9 64 41 46 17 36 37 44 39 
6 5326 9 59 17 42 21 34 25 39 41 
8 5189 2 58 04 40 40 32 04 38 51 
0 4244 1 64 75 43 68 33 94 37 78 
5 3634 5 64 88 41 07 31 27 34 22 
4 2970 6 62 52 40 56 29 82 28 01 
7 8050 8 46 97 38 21 29 48 50 59 
7 8316 3 38 97 25 57 27 27 47 12 
1 7637 3 40 17 31 81 24 93 43 49 
4 7636 2 34 42 30 51 22 16 37 42 
9 6302 5 31 02 28 68 19 46 34 63 
9 6344 4 32 21 29 39 20 73 26 85 
9 4928 8 31 06 28 04 23 95 26 18 
0 4884 7 35 51 31 12 20 59 22 74 
5 4982 1 32 07 31 40 20 1 1 25 83 
1 5643 0 34 11 30 34 20 20 19 56 
5 5672 1 34 79 30 46 21 02 25 43 
4 6023 3 34 80 31 43 21 1 1 25 55 
4 7267 2 32 84 28 74 20 45 27 75 
6 7605 6 35 32 31 36 21 24 29 80 
9 7665 8 36 47 32 93 23 25 28 96 
0 8489 6 37 18 30 61 23 36 34 09 
4 9966 2 36 94 29 04 22 94 31 64 
1 10464 6 34 81 28 64 27 80 46 30 
8 9945 0 44 44 34 77 29 36 47 17 
3 10402 5 39 49 31 80 30 31 51 07 
9 809 1 5 48 20 39 82 28 63 39 15 
1 7649 7 49 82 37 93 27 52 41 29 
w 
H N> 
RUN 
"ôT 
62 
86 
63 
87 
108 
93 
88 
89 
109 
92 
90 
91 
94 
95 
101 
96 
97 
98 
99 
100 
1 0 2  
1 1 1  
107 
103 
104 
105 
110 
1 0 6  
223 
147 
222 
221 
159 
153 
220 
158 
146 
152 
155 
157 
154 
148 
149 
156 
150 
JLftflUL Al 1 «1 (CnN'T) 
TUBE MASS 
« FLUX 
HE:AT TRANSFER COI-FFICIENTS DRIVING 
II III IV TUBE I 
TEMPERATURE 
II III 
DIFFERENCES 
IV TUBE 
2 282218 9 6952 9 761 1 3 9033 7 
2 239194 7 6963 2 6775 0 8710 7 
2 232149 6 60 27 5 6331 3 7551 3 
2 197775 4 5688 £) 5404 1 7051 55 
2 323266 5 8491 :I 10843 6 1361 1 X 
2 306006 3 8403 G 10805 7 8716 55 
2 305355 0 7180 4 8773 8 10966 a 
2 293215 6 5773 9 9110 8 10 321 6 
2 237947 1 4008 2! 7854 7 9648 8 
2 210654 3 4661 8 6367 8 7484 4 
2 190677 9 4172 9 5 942 9 7188 < )  
2 188442 1 4265 7 6042 1 7405 4 
2 134694 1 3333 4 4 706 5 5998 a 
2 384506 0 9593 7 14260 0 14640 4 
2 356969 8 7630 5 12010 7 1 3678 9 
2 333288 1 7035 3 10195 4 1 1 587 0 
2 300847 6 5903 7 9082 5 10753 11 
2 264607 9 4939 7 7644 2 8860 6 
2 226501 0 4091 0 6464 1 7540 i ' i  
2 180647 2 3833 7 5083 1 6073 « 
2 149585 9 3286 0 5186 9 5274 ;} 
2 330039 3 5596 0 8579 1 10372 X 
2 292742 3 4816 1 7043 7 8560 I  
:> 287344 7 4805 6 7047 1 8057 < )  
2 273812 8 4647 6 6965 9 8169 5 
2 227925 0 40 32 1 5901 9 7425 9 
2 187756 9 3728 6 5023 4 6191 0 
2 158677 0 3088 8 4091 2 5329 4 
2 152670 3 2740 8 3836 5 4853 11 
3 121324 3 3814 7 6622 4 5212 8 
3 124308 4 3186 8 5623 2 4281 0 
3 150087 6 4538 2 8317 0 6168 <5 
3 154506 1 5312 7 8483 1 6132 7 
3 159920 5 3880 2 6883 1 6339 » 
3 163271 7 3820 9 6731 3 6500 <> 
3 16937 8 1 7340 9 10024 7 8122 
3 141348 3 3109 7 5426 1 5166 3 0 3 I 46477 4 3424 3 6210 1 5743 
3 180160 8 4696 8 8014 2 6035 3 
3 189568 4 40 54 7 6484 9 5873 <> 
3 200349 6 6200 8 10261 1 7709 3 
I  3 209561 6 4120 5 8039 3 7416 
3 240911 8 5627 6 9660 4 9133 i i  
3 234 177 4 5552 8 8677 3 8030 i l  
3 2 08776 9 4713 9 8399 8 7410 7 
3 205459 6 4404 7 7874 8 7049 <>  
6024 
5285 
6278 4351 
8779 
7926 
7262 
7654 
6265 
5307 
5251 
5416 
3181 
8596 
7854 
6958 
6789 6217 5709 
4771 
4828 
6836 
6151 
5777 
6143 
5883 
5032 
3791 
3916 
3248 
3793 
7270 
4043 
5076 
4455 
4822 
3961 
3927 
4551 
4813 
6095 
6685 
6660 
7076 
5678 
6204 
• 0 7053 4 46 76 37 20 26 65 37 82 38 00 
• 2 6603 1 41 11 34 63 22 87 33 56 33 82 
. 4 6344 6 44 82 38 68 25 96 28 43 34 98 
. 3 5409 9 40 96 34 99 22 31 32 27 33 16 
. 9 8701 8 33 94 29 61 27 98 45 81 39 14 
. 1 7842 3 36 17 28 78 35 98 41 16 39 46 
. 4 740 1 5 41 71 34 84 30 99 47 36 42 91 
. 4 7201 7 48 66 35 29 29 22 41 93 41 97 
. 7 5893 0 58 94 32 52 25 47 35 64 40 21 
. 1 5522 2 46 47 33 16 25 40 32 66 35 63 
. 8 5210 1 47 07 32 71 23 61 29 48 34 1 5 
. 7 5357 4 45 56 32 21 23 70 28 85 33 46 
. 5 3796 9 44 25 29 78 19 96 32 20 33 34 
• 6 9781 2 40 12 30 44 28 85 49 66 41 63 
. 7 8715 1 47 53 33 49 26 66 44 09 41 51 
• 6 7843 0 51 75 35 19 29 31 44 63 43 17 
• 0 7230 9 52 67 35 07 27 33 39 28 40 68 
• 6 6291 8 53 96 36 08 27 49 36 54 39 95 
• 8 5449 9 58 97 37 07 27 85 34 22 40 42 
.9 4674 9 50 67 35 19 26 27 30 16 36 08 
• 6 4326 7 48 25 31 87 21 12 23 93 31 72 
• 2 7133 8 61 21 39 59 29 64 39 10 43 67 
• 4 6154 9 62 16 41 23 30 80 37 39 43 77 
.6 5950 4 63 32 40 49 30 32 39 46 44 38 
• 2 5997 1 62 24 40 56 29 75 36 37 43 05 
• 9 5347 9 59 17 38 54 26 60 30 75 39 28 
• 5 4689 8 54 00 36 90 25 23 27 29 36 15 
• 1 3860 8 53 98 37 50 25 66 29 92 36 84 
. 9 3570 0 58 73 37 88 25 33 27 17 37 41 
.7 4434 3 33 15 20 69 20 11 24 37 25 07 
.0 3972 7 41 28 24 64 22 99 24 53 28 93 
. 7 6056 2 31 50 20 75 22 96 16 20 23 56 
.4 5643 5 28 01 21 11 23 75 29 14 26 00 
. 6 5060 1 39 59 23 67 24 91 27 73 30 20 
. 8 4747 7 38 48 24 69 26 24 35 07 33 40 
. 9 6970 3 24 54 18 12 21 80 29 79 24 25 
. 0 4113 4 46 14 27 14 24 24 25 27 31 23 
• 5 4417 5 45 47 24 76 22 90 26 96 30 76 
. 7 5436 9 39 05 24 47 28 43 32 21 31 88 
. 1 5041 4 44 01 30 39 31 36 34 88 35 94 
.5 7036 9 29 32 21 09 25 90 30 53 27 64 
.5 6053 0 43 51 28 15 31 35 32 26 34 97 
. 3 7297 4 36 93 27 02 29 39 35 23 33 19 
. 7 6987 6 37 38 28 58 30 78 30 63 32 72 
. 0 6057 1 43 24 26 25 27 59 31 48 33 10 
.5 5926 9 45 44 28 77 28 42 26 80 33 24 
w 
H* 
W 
RUN TUBE MASS 
TABU- A 1 1 . I  ( C O N ' T )  
THFAT TRANSFER COI-FFICIENTS 
0 ,¥ FLUX I I I 
166 3 198831 4 5177 9 8293 7 
151 3 178431 4 3526 1 6521 2 
145 3 146423 1 2999 0 5388 1 
219 3 154807 4 3167 9 5803 8 
144 3 156473 4 2970 0 5302 1 
218 3 175863 5 40 50 8 7164 1 
143 3 186878 3 3203 2 5819 0 
160 3 1C5391 3 3749 6 7061 0 
142 3 220585 4 4318 0 7539 6 
217 3 229863 1 5334 3 9733 6 
216 3 267072 8 611 1 1 11 134 0 
215 3 288980 8 7141 3 11865 1 
141 3 290699 2 4436 0 9209 5 
161 3 172039 9 3104 3 5347 9 
162 3 192534 5 3778 3 6221 2 
163 3 237058 5 4776 8 7450 8 
165 3 288921 1 5279 5 9404 5 
164 3 324134 9 5773 4 11811 3 
187 4 109952 7 3387 3 6033 8 
203 4 135555 4 3398 3 6119 5 
20 2 4 154975 6 3913 5 7973 3 
186 4 163413 7 4670 5 8269 3 
201 4 178681 5 8684 0 9367 3 
200 4 203097 8 8056 7 13392 9 
185 4 207906 4 5692 8 10902 3 
208 4 263192 6 9962 6 16157 7 
211 4 256864 9 8302 2 12 896 2 
181 4 246435 5 7873 5 14 359 6 
209 4 242499 8 7767 6 14514 6 
182 4 226797 8 9277 8 6853 5 
210 4 213179 4 50 38 2 9059 7 
193 4 212266 6 5238 1 10 909 0 
212 4 191019 5 4593 8 8548 3 
183 4 181526 2 3818 4 8604 5 
194 4 163608 1 4008 4 7199 7 
213 4 159342 4 3819 0 6829 0 
184 4 150414 4 3180 4 5880 0 
214 4 138307 9 3269 1 6387 9 
180 4 151475 4 2886 2 5230 3 
176 4 170234 3 4537 5 6637 2 
179 4 212037 3 4220 4 8089 3 
195 4 24 2490 8 5605 0 10090 6 
178 4 264068 9 5640 61 10401 8 
177 4 302432 9 7205 8 11967 7 
:73 4 266216 4 50 82 3 9720 2 
196 4 234639 1 4847 8 8548O7 
I I I  IV 
DRIVING TEMPERATURE DIFFERENCES 
TUBE I II III IV TUBE 
6235 
7109 
5294 4741 
5147 
6029 
5451 
5793 
7232 7628 
7801 
8032 
7079 
4940 5687 
6318 
8104 
10026 
5134 
5091 
6282 
6784 
7212 
10378 
9185 
111281 
10133 
10834 
9682 
9445 
7250 
7693 
7086 
6525 
5237 
5734 
5341 
4804 
4393 5643 
6743 
7661 
8602 
10879 
9546 
6315 
5138 
4636 
3814 
3549 
4333 
4264 
5181 
5063 
6201 
4640 
5405 
5724 
6539 
5082 
50 57 
5979 
7136 
9907 
3390 3656 
4493 
5534 
5325 
5964 
4560 
7788 
6041 
8760 
6716 
8220 
5374 
6074 
4944 
5200 
4400 
4023 
4854 
4014 
4465 
3747 
5884 
5936 
7484 
10420 
5948 
5095 
. 6 5891 6 36 90 27 26 26 55 29 .92 31 06 
• 1 4933 7 51 14 29 64 23 43 27 • 26 33 52 
• 1 4025 1 51 46 27 95 23 71 26 • 20 32 78 
,9 4099 5 47 96 28 45 25 96 27 • 19 32 58 
«2 4089 1 54 12 30 01 25 66 24 .76 34 04 
0 3 5090 5 44 1 3 27 12 25 02 26 .11 31 02 
• 6 4512 2 58 60 33 21 29 04 28 .78 37 95 
.5 5036 6 50 62 31 79 25 50 27 .99 34 72 
.2 5863 9 49 66 31 48 28 59 27 .91 35 23 
.3 6351 9 41 72 27 72 29 29 34 .65 34 16 
. 2 7082 5 38 90 28 86 34 23 39 .11 36 23 
• 8 7793 1 33 83 30 62 37 46 41 «84 36 40 
.4 6525 4 49 30 39 45 39 18 43 «73 43 57 
.9 4271 2 55 57 32 43 27 92 23 .17 35 07 
.7 4880 4 52 45 30 97 29 07 25 75 35 02 
.9 5818 1 50 59 32 02 32 72 30 61 37 23 
.3 7005 7 50 17 34 11 33 87 34 66 39 24 
.2 8783 3 45 59 32 26 37 18 31 97 37 56 
.6 3932 4 32 22 19 47 18 79 22 23 25 10 
.6 4325 6 40 41 24 75 24 20 24 49 28 84 
.7 520 5 5 38 96 22 78 23 44 25 75 28 44 
. 2 5430 6 34 17 21 97 22 1 1 22 60 28 01 
.4 7079 2 19 88 21 39 24 31 29 23 24 65 
. 2 8284 1 24 62 16 28 21 77 30 98 24 57 
.4 5850 3 31 68 21 65 24 72 41 43 34 69 
.2 10266 3 24 39 19 71 24 61 33 21 26 34 
.2 8454 5 29 10 23 1 1 26 88 40 41 30 83 
. 1 8528 2 27 65 20 60 25 75 27 30 29 45 
.3 8709 6 30 34 19 67 25 60 32 44 27 92 
.0 7864 8 34 27 22 34 24 45 24 04 28 31 
.7 6249 9 38 83 26 07 27 53 31 33 31 75 
.7 6300 3 38 88 22 42 25 89 29 29 32 19 
• 7 5792 4 41 45 25 24 24 39 30 51 31 25 
• 3 520 5 4 44 65 23 75 26 24 29 32 33 14 
• 6 4715 5 40 31 24 75 26 19 25 60 31 00 
• 3 4789 7 41 35 25 08 24 02 26 54 29 77 
• 2 4267 4 44 12 26 08 24 16 23 95 31 34 
• 0 4346 2 42 48 25 12 23 33 23 10 28 84 
.6 3832 7 50 62 30 10 28 62 22 02 34 22 
• 9 4955 2 39 20 26 45 25 56 30 54 30 76 
• 3 5492 6 47 87 29 40 28 57 26 43 35 47 
• 9 6443 5 42 97 26 67 30 11 33 33 35 95 
• 0 6926 1 43 47 28 87 30 35 30 75 36 84 
.2 8453 0 36 20 28 10 31 78 30 96 36 59 
• 8 6872 0 50 43 29 96 28 23 36 16 37 15 
.4 5614 1 47 66 29 16 31 51 32 36 37 24 
w 
XAfîJJï 
RUN TUBE MASS HIE AT TRANSFER COIÏFFICIENTS 
0 f  FLUX I 11 11 I IV 
174 4 216345 8 4825 7 7606.8 7108 IS 4894 7 
197 4 187931 1 39 32 2 6549.8 5029 9 4341 6 
175 4 183511 3 3617 4 6161.6 5450 2 3884 9 
186 4 158040 3 3101 1 5771.3 5113 3 4144 6 
189 4 266116 6 6059 1 10108.4 8623 6 6784 7 
198 4 240863 1 51 58 5 10010.3 8 579 5 5645 2 
190 4 217030 1 4383 0 8287.3 6933 2 5838 7 
20 4 4 208168 1 4010 5 7337.4 4426 13 5045 5 
199 4 198789 0 4709 6 8408. 1 6934 0 5439 2 
20 5 4 18261 1 3 3637 9 7028.6 5884 3 5093 6 
191 4 177711 9 3590 8 6568.7 5900 4863 9 
206 4 155754 6 28 50 7 5321.5 4571 15 391 1 7 
192 4 156972 9 3412 0 5454.6 501 1 9 4473 3 
207 4 166930 0 3340 6 6063.2 5064 .1 (S 
3940 7 
261 5 117050 2 5567 9 4704.0 3661 4081 8 
252 S 128759 4 5336 4 4413.0 3371 7 3735 1 
271 5 146464 1 7826 8 5484.3 4049 I 4288 7 
257 5 156868 3 8168 1 6500 « 6 4645 0 4522 5 
253 5 164731 3 6901 0 5052.8 4622 <> 4029 1 
256 5 192345 1 9987 3 7518.3 5514 4 5398 3 
255 5 222259 6 16621 2 10798.8 7733 6301 4 
254 3 232246 2 20547 1 10851.7 8106 3 6613 5 
243 5 117763 6 51 39 0 3761,7 2975 a 2984 9 
270 5 133913 2 6148 8 4916.8 3425 7 3255 0 
250 5 143998 8 5993 1 4940.5 4443 3 5072 6 
248 5 167094 8 7303 1 5847.3 4134 (3 3864 7 
247 5 185146 2 8783 4 7211.3 7484 13 1987 0 
246 5 225992 5 10943 6 9509. 8 5820 !5 5419 5 
245 5 .2 51245 7 14301 0 12182.2 7479 0 6316 2 
249 5 264922 5 10634 0 8066.7 7428 0 7714 9 
244 5 264921 9 16251 7 10577.3 8129 <) 10878 9 
242 5 130151 9 4986 7 4228.4 3291 4 3726 4 
241 5 155554 9 6131 5 5528.4 4384 (> 4153 3 
240 5 169154 3 7127 9 6304.6 4976 (S 4935 6 
239 5 184 27 1 1 7536 3 6983.0 5169 J? 4931 9 
237 5 209212 7 9694 0 7576.8 5286 X 4799 0 
236 5 240462 4 11721 7 8939.5 6404 11 5386 5 
232 5 266851 5 10627 3 8007.5 5761 4 6074 1 
269 5 268786 1 10556 6 8497.5 6278 IS 7093 7 
235 5 279209 8 14490 9 14490.6 7450 a 5710 0 
234 5 30 8417 9 10311 6 9546.1 8893 3 5790 2 
233 5 316746 8 12184 5 12212.9 10 258 !> 7155 2 
238 5 328589 6 141 23 6 11992.1 9315 51 9903 0 
230 5 131003 4 5610 9 5244.2 4015 4 3929 0 
265 5 135366 1 5425 8 3619.4 3285 (> 4401 9 
229 5 146304 6 5868 7 5676.5 3 70 8 1, 4869 2 
DRIVING TEMPERATURE DIFFERENCES 
TUBE I II III IV TUBE 
5792 9 47 66 29 73 
4590 9 49 27 29 72 
4535 7 53 55 30 80 
4077 8 50 66 28 67 
7083 8 43 12 28 80 
6499 9 45 57 27 22 
5655 4 49 59 28 86 
4916 8 49 36 29 70 
5755 0 43 16 26 20 
5018 2 51 67 28 32 
4685 5 48 51 28 40 
3918 1 53 64 30 47 
4204 2 46 69 29 54 
4348 8 50 27 23 38 
4488 4 26 89 24 04 
4188 2 30 57 28 75 
5302 8 25 81 26 65 
5740 9 25 33 24 27 
5015 4 29 40 29 01 
6653 9 25 03 25 11 
8844 6 17 44 20 64 
9336 5 14 23 20 61 
3720 6 28 E.5 31 49 
4308 3 29 79 27 90 
50 38 6 29 8 1 27 25 
5178 2 29 42 27 35 
6068 7 28 32 25 87 
7139 6 26 23 24 46 
8645 8 22 19 21 46 
7959 8 26 16 30 43 
1 0386 1 19 41 25 01 
4106 2 32 07 30 61 
5082 7 31 40 29 15 
5844 6 30 12 27 95 
5979 0 30 19 27 71 
6655 1 28 36 28 76 
7696 3 27 23 28 84 
7181 8 29 68 33 31 
7755 3 32 45 31 55 
9159 1 24 04 21 52 
8023 8 33 14 33 46 
9598 6 27 95 28 57 
10512 0 22 97 27 95 
4777 1 29 54 25 13 
4145 9 33 12 35 78 
5054 5 31 76 26 79 
.63 31 27 34 29 
.64 28 67 35 83 
• 58 31 41 36 30 
.25 24 48 33 69 
.  17 28 31 34 43 
.  57 28 15 33 93 
.14 25 94 34 84 
.07 25 71 36 57 
.77 23 43 31 10 
.  76 22 95 32 76 
.  80 22 80 32 71 
.63 24 22 34 07 
.  19 22 34 32 34 
.46 25 35 32 85 
.14 18 14 23 65 
.  67 24 24 28 65 
.27 23 09 25 99 
.52 23 54 25 77 
.  36 28 21 30 23 
.53 28 33 27 97 
.15 32 51 25 83 
.44 32 89 25 08 
.90 23 95 28 35 
.04 25 70 28 51 
.70 19 67 26 13 
.44 27 33 28 96 
.59 28 09 28 74 
.06 32 83 30 05 
• 26 35 79 28 97 
.79 34 53 32 56 
.21 25 33 26 05 
.  15 21 82 28 19 
.85 23 13 28 09 
.80 23 31 27 09 
.07 26 52 29 05 
.53 29 93 29 62 
• 19 32 65 30 30 
.61 34 61 35 13 
.32 31 07 33 36 
.  15 37 30 29 29 
.22 47 76 37 94 
.81 42 93 33 68 
.25 36 48 31 90 
.77 17 62 24 38 
.56 19 03 29 I 1 
.04 18 23 26 24 
26 
29 
28 
25 
28 
26 
27 
40 
24 
26 
24 
27 
25 
26 
24 
29 
26 
26 
31 
28 
27 
27 
28 
26 
25 
29 
28 
29 
28 
33 
29 
28 
27 
25 
28 
29 
29 
38 
33 
29 
32 
29 
35 
24 
27 
28 
* 
228 
231 
266 
227 
268 
225 
224 
226 
267 
258 
264 
272 
262 
261 
260 
297 
296 
312 
295 
298 
311 
294 
299 
288 
293 
30 8 
289 
290 
291 
309 
310 
287 
281 
282 
283 
284 
285 
307 
286 
273 
274 
275 
276 
280 
306 
277 
JABLE Alltl ICDN'T) 
TUBE 
U 
MASS 
FLUX 
HEAT TRANSFER COEFFICIENTS DRIVING 
IÏ II I IV TUBE I 
TEMPERATURE 
II III 
DIFFERENCES 
IV TUBE 
5 172723.1 7274 1 7250 7 5161 5 6169 9 
5 184997.6 6912 5 5587 1 4270 9 4801 2 
5 185305.6 6482 4 5022 3 3595 7' 4379 9 
5 196536.4 7900 7 7846 2 6122 6 5621 3 
5 210290.1 70 36 1 5376 0 3918 6> 5043 4 
S 229258.3 84 29 2 10096 0 9991 2 7030 1 
« 267759.6 8448 9 ï  1 9 3 7  3 11851 9 8829 0 
5 276228.9 10932 3 1 1657 6 8600 9 7226 1 
S 279064.7 8520 8 6309 0 5100 6> 5638 7 
5 142491.3 4874 3 4373 8 3673 4 4360 8 
5 146284.9 5021 7 4823 8 4144 6 5581 6 
5 152215.0 5529 9 4633 0 3633 1 4879 7 
S 161966.4 5353 5 5809 8 4883 8 5430 5 
5 182495.9 5844 0 4827 8 3756 4 5165 1 
Ci 189508.5 6329 3 5176 4 4000 4 5268 8 
6 155941.7 9060 2 16864 4 8070 6 9497 0 
6 171115.8 11078 5 20571 7 8971 2: 1 1684 8 
6 174310.2 11350 1 14442 9 6613 0 9666 0 
6 «76320.4 12434 4 19591 4 9284 7' 10848 1 
6 ]ieoeoso6 9455 1 13879 5 16270 8 14996 2 
ô 162844.4 12691 1 16306 6 7108 4 9641 6 
6 186125.9 12290 1 23008 5 1 1040 3 11947 0 
6 190644.5 8554 0 26747 7 17093 9 14424 6 
6 237678.6 20059 1 40322 0 18000 0 10216 1 
6 237361.9 19185 7 37685 0 12723 5 13805 1 
6 229647.3 26430 8 16595 3 8855 8 9477 2 
6 227386.2 18016 7 31259 6 16417 1 10189 5 
6 218150.1 11583 8 20131 6 12620 0 1 1072 9 
6 207080.6 9706 7 14577 3 10851 7 9667 0 
6 185666.7 9705 5 14932 0 7769 3 9119 8 
6 151041.7 9245 3 13457 1 6770 1 8201 3 
6 122729.6 7262 4 10681 1 7354 1 5148 1 
6 283260.2 14712 4 19226 8 16052 0 10172 5 
6 272733.2 1451 1 2 22262 9 14182 6 9990 7 
6 245039.7 12653 9 23979 7 12891 8 9264 5 
6 223394.5 9556 3 14708 4 10376 3 8070 3 
6 185563.9 9270 3 13417 3 9273 3 7806 5 
6 176287.1 8931 5 12129 7 7075 7 9299 6 
6 138565.8 6296 7 8943 4 6594 3 6145 2 
6 364900.6 16665 9 32496 2 19021 9 16886 3 
6 315117.6 16985 2 25733 6 20515 4 125 82 2 
6 311733.3 11281 5 25307 7 19243 2 12903 3 
6 277330.5 11100 5 20 307 9 14059 7 10643 1 
6 242749.1 11717 3 23933 7 12367 3 10088 2 
6 235250.1 9313 7 15281 4 8387 5 10501 7 
€ •  223713.9 90 43 2 16049 0 10093 9 9298 2 
6467 
5375 
4840 
6876 
5274 
8557 
9589 
9233 
6216 
4335 
4835 
471 3 
5375 
4879 
5211 
9417 
1 1070 
9607 
1 1341 
1 1969 
1 0 1 0 1  
12389 
13085 
16463 
16241 
1 5850 
15476 
12358 
10429 
9387 
8696 
7084 
13933 
1 3458 
12426 
9799 
9317 
8770 
6736 
18941 
18024 
14842 
i2428 
1 2469 
9887 
1 0 1 6 1  
.8 
.0 
. 1 
• 8 
. 1 
. 3  
. 1 
. 3  
. 2  
.5 
.7 
. 1 
. 1 
. 2  
.4 
.4 
. 3  
.0 
.0 
.0 
. 9  
. 6  
. 6  
.4 
. 6  
. 6  
. 9  
.0 
.8 
.7 
.8 
• 4 
• 4 
5 
1 
. 6  
. 1 
. 2 
. 2  
.  3 
. 2  
• 1 
.9 
.3 
. 8  
. 1 
30 
33 
36 
31 
38 
33 
36 
30 
40 
37 
36 
35 
37 
39 
37 
15 
13 
13 
1 2  
16 
12 
13 
18 
9 
10 
8 
1 1  
16 
18 
17 
14 
15 
15 
15 
17 
20 
18 
18 
19 
15 
14 
2 2  
23 
17 
22 
23 
99 
74 
29 
93 
77 
56 
71 
82 
22 
21 
69 
80 
93 
03 
59 
86 
94 
56 
92 
23 
»3 
39 
35 
82 
73 
04 
39 
27 
52 
74 
99 
55 
76 
99 
R4 
VI 
52 
04 
83 
94 
83 
30 
X2 
56 
25 
65 
25 
33 
35 
25 
38 
24 
23 
25 
40 
32 
28  
32 
26 
35 
34 
7 
6 
9 
7 
9 
8 
6 
5 
5 
5 
10 
6 
8 
10  
9 
8 
8 
11 
9 
8 
1 1 
1 0  
10 
1 1 
9 
10 
10 
10  
8 
1 1  
10 
39 
26 
14 
83 
18 
02 
35 
27 
26 
39 
79 
06 
83 
77 
64 
17 
45 
04 
07 
35 
56 
52 
66 
40 
35 
84 
19 
47 
.67 
•  81  
.43 
61 
79 
75 
70 
79 
38 
86 
56 
18 
83 
29 
77 
09 
81 
83 
24.56 
33.24 
35.61 
24.98 
40 .16 
19. 30 
19.54 
25.75 
42.86 
29.03 
24.20 
26. 56 
22.92 
33.85 
32.48 
13.94 
14.30 
18.33 
14.92 
8.97 
18.80 
14. 10 
9.41 
1 1 . 8 1  
15.80 
20.65 
1 1 . 8 1  
12.94 
14.60 
16.68 
14.37 
11  . 82  
16.50 
15.41 
14.83 
1 6 . 2 1  
14.17 
16.54 
14.47 
17.93 
13.32 
13.01 
15.33 
14.60 
19.38 
14.80 
17  
25  
27  
22 
29  
20 
20 
27  
35  
19  
16 
18 
18 
22 
23  
1 1  
10 
12 
12  
9  
14  
1 2  
1 1  
1 8  
14  
16  
17  
14  
14  
13  
10 
13  
22 
20 
18 
17  
13  
11 
12 
1 8  
18 
17  
16 
14  
13  
14  
.48 
.63 
.64 
.72 
.75 
.92 
.41 
.13 
.82 
.40 
.44 
.47 
.  16 
.38 
.00 
.19 
.89 
.93 
.  14 
.74 
.60 
o46 
.34 
.67 
.05 
.27 
.07 
.43 
.46 
.30 
.47 
.52 
.63 
.78 
.76 
.37 
. 8 6  
.13 
.24 
.23 
.97 
.78 
.74 
• 1 1 
24.86 
31.76 
34.06 
26.70 
37. 14 
25. 19 
25.96 
28.19 
40.78 
29.64 
26.63 
28.26 
26.49 
32.94 
32.03 
12.72 
12.11 
13.72 
12.42 
1 lo89 
13.93 
12.34 
11.84 
1 2 , 0 1  
12.04 
11.52 
12.13 
13o68 
15. 11 
15.07 
12.44 
12.70 
17.00 
15.96 
1 5.60 
17.32 
14.69 
14.64 
14.92 
15.78 
14.23 
16.34 
17.50 
14.42 
17.45 
16.34 
w 
M Ot 
PUN 
« 
278 
279 
301 
313 
30 A 
30 5 
302 
314 
303 
433 
434 
439 
435 
436 
438 
437 
426 
427 
428 
429 
430 
431 
432 
322 
323 
418 
420 
324 
421 
325 
422 
326 
424 
327 
328 
425 
315 
410 
317 
411 
412 
318 
413 
329 
414 
319 
• 19 
: U  
• 33 
•  38 
• 14 
•  31 
•  77 
• 40 
• 46 
• 00 
.40 
• 74 
.74 
.24 
.50 
.25 
. 8 1  
.62 
. 21  
• 91 
.74 
• 93 
• 77 
•  03 
• 17 
• 00 
«04 
•  05 
•  33 
• 17 
•  1 1  
•  0 1  
• 30 
•  07 
•  6 1  
•  8 2  
• 28 
• 07 
• 45 
• 26 
• 57 
• 97 
• 03 
• 92 
• 86 
TUBE 
a 
MASS 
FLUX 
197775 
177152 
326901 
270 321 
260537 
241194 
234346 
227607 
197542 
2327152 
200398 
198086 
193028 
170093 
150128 
144120 
145930 
162480 
I 88878 
224015 
233304 
245421 
256224 
324555 
311080 
304919 
266325 
266082 
249669 
248971 
238768 
20 8546 
193907 
18316C 
168629 
168561 
386521 
362653 
31C616 
309915 
297216 
278889 
272185 
267782 
24460 I 
234190 
I 
HEAT TRANSFER COE 
11 III 
0 7564 1 13461. 6 8318 1 
8 7075 8 11119. 7 8063 2 
4 0 1 1583 2 19566. 1 14573 
2 16990 5 19977. 5 12496 4. 
0  9899 2 18285. 3 10078 S 
5 10056 6 16205^ 5 10275 3 
4 1 1044 8 14823^ 9 10547 I  
1 1 1623 0 14541• 9 10830 3 
6 10290 0 10684^ 4 7934 2 
4 41210 0 22492^ 8 16417 5 
3 15144 4 11478^ 0 10698 3 
1 14830 2 12173^ 6 10484 4 
1 13437 3 11263. 2 1 1073 0 
6 9864 3 8932. 3 8665 1 
1 9668 5 9319. 0 8688 3 
6 8465 4 8759. 3 7743 3 
9 71 50 3 7162 , 5 7652 6 
4 7496 7 6680. 6 6899 3 
6 9772 T 8928. 9 9686 4 
1 10603 3 9 640. 5 9790 7 
8 11548 4 10312. 4 11608 2 
4 16238 6 12018. 1 10906 1 
4 28065 2 17187. 7 13932 1 
3 8089 7 17647. 7 20528 9 
5 9169 5 15283. 0 18794 4 
7 15759 4 14351. 6 12470 5 
2 14323 8 13961. 8 14186 a 
2 9631 6 20 24 7. 5 18250 6 
3 10942 3 11118. 2 1 1564 0 
1 8225 3 17785. 2 16636 2 
4 9610 3 9 554. 5 9902 3 
8 7372 4 13359. 6 12942 0 
6 8740 0 10300. 6 10850 .2 
8 6271 6 11079. 8 1 1260 3 
1 5753 2 9439. 5 9331 5 
8 6986 8 8007. 3 9336 9 
6 9940 3 20992. 6 25215 0 
3 14326 8 17193. 5 15510 3 
9 9363 0 22259. 1 2)1324 1 
9 1 1543 8 14474. 3 1420 2 13 
1 11990 5 15425. 7 14446 6 
8 7837 4 17052. 1 17016 2 
9 9699 7 11693. 0 12042 I 
3 7567 4 15026. 9 17046 2 
0 9252 1 10575. 0 10413 (D 
8 6659 8 14 114. 7 13285 5 
JABJ-ELAlltl (CON'T) 
IV TUBE 
DRIVING TEMPERATURE 
II III 
8500 
7769 
19015 
12673 
13625 
13741 
13976 
10341 
1 1263 
15412 
11576 
11307 
1 1130 
9247 
7603 
8109 
9325 
8208 
10553 
10086 
12611 
11925 
14583 
14127 
12664 
14120 
15378 
1 1763 
10237 
10841 
12195 
8932 
1 1694 
8855 
7684 
10350 
17397 
19280 
1 1875 
15303 
13187 
11091 
I 3657 
13819 
II 134 
9769 
8761^2 
8084^8 
14440^9 
16345^2 
11512^9 
11610.0 
11863.4 
12240.8 
9791.0 
17282^9 
11016^4 
11177c 
10676^2 
8562•5 
8391•8 
7928^0 
7422.8 
7092^ 8 
9188^8 
9407.0 
10500.3 
11679^1 
15363^4 
12087^2 
11778^0 
12908.2 
13070.0 
12209.4 
10319.6 
10942^6 
9564^4 
9361.6 
9680•2 
8425.2 
7354.0 
8036.1 
14360.0 
14708^4 
12655.9 
12404^3 
12521.8 
8 10895^0 
8 10748^5 
6 11025^2 
0 970 5.3 
2 9347^1 
24 03 1 1 .09 
22 01 11.81 
22 29 12.45 
14 05 10, 56 
21 30 10 .01 
20 40 11.17 
10 30 11 .55 
18 0 4 12.19 
16 68 13.12 
6 06 8.73 
12 63 14.06 
12 59 13.66 
13 62 14.01 
16 32 15.50 
16 05 13.62 
16 56 13.33 
18 03 15.61 
20 21 18.50 
18 1.7 16.09 
19 75 18.86 
18 «4 18.17 
13 08 16.15 
8 55 12.58 
30 36 16.02 
28 52 17.07 
18 36 18.09 
17 10 14.94 
25 49 11 .63 
21 38 18.11 
27 09 11 .62 
23 25 19.31 
27 40 12.86 
20 49 15. 10 
27 79 13.02 
29 33 14.46 
22 90 16.43 
29 06 15.01 
21 19 19.37 
29 99 11.93 
24 21 18.16 
22 56 16.27 
32 34 13.68 
26 21 19.57 
29 40 14.03 
25 25 18.36 
32 63 13.71 
15.60 
15^40 
17.03 
15. 19 
18.57 
16.42 
14.86 
14,53 
16.47 
iua7 
15^00 
14^46 
14^00 
14^61 
12^57 
1 2 . 0 1  
12.56 
15.09 
13.99 
18.48 
16. 19 
17.32 
15. 17 
15.34 
15.55 
21.20 
14.28 
11.16 
15.86 
11 .00 
17.75 
111.79 
12.24 
1 1 . 1 1  
12.04 
12.42 
15.61 
21 .30 
11 .89 
16.31 
15.78 
12.49 
17.10 
11 .29 
16. 36 
12.64 
RUN TUBE MASS 
* Hf FLUX 
•lAfiLElAMtl (CQN'T) 
HEAT TRANSFER COEFFICIENTS DRIVING 
II III 
415 
320 
416 
321 
441 
442 
443 
444 
445 
395 
396 
397 
398 
399 
401 
388 
389 
390 
391 
392 
393 
394 
382 
383 
384 
385 
386 
387 
381 
380 
373 
374 
375 
376 
377 
378 
379 
40 3 
404 
405 
402 
406 
407 
40 8 
409 
7 
7 
7 
7 
7 
7 
7 
7 
7 
8 
0 
8 
8 
0 
8 
8 
8 
8 
8 
8 
6 
8 
8 
8 
8 
8 
8 
8 
8 
e 
0 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
223509.4 
205677«7 
199648.7 
167435.6 
239738.3 
227637.5 
206701.1 
16459 8.2 
161071.1 
193537.9 
174130.6 
170430.7 
155581.4 
146808.0 
133226.0 
142424.7 
155966.0 
177856.6 
185199.3 
198771.4 
214780.6 
237365,9 
286044.0 
270191.9 
243446.7 
232485,9 
202087,9 
178783.9 
169575.4 
150582,0 
285035,4 
269646,7 
252049,4 
221454.6 
203523,3 
181357.3 
161066.7 
336195.4 
251435.9 
237108.6 
226806.7 
217734.6 
192806,0 
176198.6 
157438.7 
8680 
6 1 0 8  
8368 
4244 
94 43 
8074 
7655 
7224 
6445 
33138 
13831 
13870 
11932 
11829 
10937 
11439 
11950 
11449 
12239 
160 20 
17497 
18879 
23433 
17830 
19061 
17585 
14028 
11473 
10415 
9904 
19960 
22601 
16773 
15701 
13781 
11784 
7645 
16164 
11188 
12547 
12777 
12141 
9264 
8657 
8418 
10488 
12030 
9451 
9554 
9279 
8785 
7254 
6777 
6053 
25455 
13245 
13326 
11 132 
10966 
9575 
11814 
12919 
11759 
13753 
16468 
16509 
17454 
27996 
18494 
22643 
19834 
16453 
12458 
9326 
9232 
22872 
26420 
17954 
15546 
13845 
10 960 
9020 
26824 
12327 
13216 
10502 
12928 
10 363 
9695 
8936 
4 
1 
1 
5 
9 
2 
9 
1 
6 
7 
1 
5 
4 
5 
6 
8 
4 
0 
5 
4 
0 
2 
8 
2 
0 
8 
0 
8 
,7  
,  1 
,  2 
•  1 
,  0 
,  1 
,0 
,0 
,9  
,4 
,  7 
.4 
,4 
,2 
,0 
,4 
,0 
10585 
11458 
9725 
8727 
11085 
9538 
8091 
7768 
6708 
14123 
9870 
9448 
8367 
8781 
7013 
8409 
9306 
. 9878 
10304 
1 1990 
12263 
14031 
20131 
16975 
,14308 
114010 
J 2097 
9402 
7330 
7175 
15307 
17441 
12999 
11860 
9801 
7982 
7643 
15430 
9789 
10118 
11206 
9695 
7975 
7608 
6778 
, 1 
,7 
, 1  
.8 
,8.  
.9 
. 4  
, 4  
,6 .  
,0 
.3 
.3 
.7 
,  1 
,1 
.5 
. 3  
.6 
.0 
.  1 
.2 
. 9  
. 9  
.2 
. 3  
. 9  
•  9  
.2 
.5 
,0 
,0 
.  8 
,6 
,  3  
,0 
,  3  
, 4  
, 9  
, 3 
, 3 
,  1 
, <6 
, 9  
,  1 
,3 
IV TUBE 1 
I 1448 1 9523 0 24 32 
8543 7 8323 2 31 55 
11063 5 9039 5 23 06 
7764 3 6362 1 37 28 
13045 1 10011 3 24 63 
11198 8 8873 5 26 44 
9705 6 7841 1 25 12 
9857 0 7529 9 23 90 
8237 9 661 1 9 24 05 
8742 0 14951 5 8 13 
8443 1 10494 2 15 73 
8603 8 10436 4 15 00 
7467 9 9287 2 16 77 
7439 8 9425 9 15 64 
5829 1 8220 5 15 72 
7281 7 9683 8 16 80 
7651 9 10221 3 16 56 
9721 4 1 0203 0 18 51 
9689 8 10870 1 18 17 
9401 5 1 2469 1 15 32 
9521 0 1 2678 1 15 43 
9732 5 1 3427 4 15 42 
14557 6 1 8846 0 14 19 
13077 9 15044 5 18 37 
8290 0 13881 5 16 90 
10415 9 1 41 52 7 17 49 
8784 0 1 1970 3 18 20 
8312 5 10157 2 20 35 
7497 1 8658 6 20 71 
7648 3 8466 5 19 58 
11476 3 15704 4 18 99 
12970 3 17818 5 16 43 
10969 4 1 3992 3 19 75 
10127 6 12902 6 19 01 
8861 2 1 1376 1 19 51 
8174 5 9743 5 20 23 
7331 .  6 7801 1 26 1 8 
12101. 2 15418 8 23 82 
10075. 4 10510 5 26 70 
10426, 3 1 1308 6 23 89 
9729, 5 10904 4 22 44 
10183, 7 11039 3 22 13 
8427, 6 8909 0 25 60 
8563, 5 8539 0 24 94 
7678, 7 7933 2 23 46 
TEMPERATURE 
II III 
DIFFERENCES 
XV TUBE 
16,43 
13,78 
16,67 
13,90 
19,80 
20,62 
20.46 
20, 04 
19.56 
9,23 
14,52 
13.51 
14.67 
13.68 
14,21 
12.86 
12.69 
14.97 
14,48 
13.03 
13.88 
14,61 
12.85 
15,84 
13,20 
13,34 
13, 16 
15,68 
17.86 
16,02 
14.96 
12,66 
15,88 
15.57 
15.50 
16,93 
17,41 
14,99 
21 ,56 
18o57 
2 1 . 1 1  
16.74 
19,29 
17.97 
17.11 
14,23 
12.09 
13.71 
1 2 ,2 2  
15,65 
16.52 
16.72 
15.26 
15.08 
13.63 
16.31 
15.41 
16.47 
13.41 
14.62 
13.08 
12.27 
15.67 
15.77 
14.78 
16,35 
18,91 
16,52 
16,30 
15,44 
15.10 
14.14 
15.58 
16.59 
14.75 
16.26 
13.81 
15.79 
14.51 
15.58 
15.85 
14.81 
21 .20 
20.85 
19.22 
16.15 
17.02 
1 8 . 0 1  
17.14 
16.86 
10 
12 
9 
1 1  
1 1  
1 1  
1 1  
10 9 
16 
15 
14 
14 
1 1  
12 
10 
10 
1 2  
12 
13 
16 
20 
17 
17 
19 
14 
13 
12 
12 
10 
16 
13 13 
12 
12 Ï 1 
11 
20 
16 
13 
12 
1 2  
12 
1 1  
10 
56 
50 
57 
OS 
20 
90 
53 
09 
74 
75 
54 
73 
07 
98 
85 
10 
63 
67 
99 
95 
76 
0 2  
93 
1 8  
69 
30 
37 
69 
23 
67 
09 
57 
79 
57 
32 
71 
42 
25 
30 
69 
88 
08 
52 
21 
61 
17.12 
18.01 
16.26 
18.86 
l8o31 
19.27 
18.72 
17.46 
17. 19 
13.13 
16.49 
15.59 
16, 17 
14.25 
14.65 
13.53 
13o51 16.20 
16 .  16  
15.14 
16.73 
1 8.34 
16.53 
18.29 
17.48 
1 6 . 1 1  
15.63 
16.63 
17.13 
15.57 
17.87 
15.24 
17.12 
16.08 
16. 22 
16.48 
17,72 
21.41 
2i>.06 
1 9.  39 
18.59 
17.42 
19.20 
1 8 , 0 2  
17,18 
w H 
00 
RUN 
M 
1 17 
41 
43 
1 16 
I 15 
24 
1 14 
113 
21 
57 
1  1 2  
1 18 
125 
17 
18  
124 
19 
123 
1 6  
29 
122 
38 
121 
22 
1 20 
37 
1 19 
131 
138 
132 
137 
136 
30 
135 
TABLE All.2 
RIEDUCED DATA-TEMPERATURES 
UNITS AS APPROPRIATE :  
L0M/HR SQ FT 
DEGREES F 
TUBE MASS AVERAGE CONDENSING FLUKO TEMPERATURES 
« FLUX I II III IV TUBE 
AVERAGE WALL TEMPERATURES 
II III IV TUBE 
2 13H839 8 258 7 261 • 2 264O3 269. 1 
2 146035 9 259 9 262» 1 264.4 23 1. 8 
2 140095 1 259 3 261 9 264.7 281 .4 
2 182814 6 254 8 257 4 261 . 5 270 . 3 
2 212735 8 249 7 252 6 258.0 270.9 
2 25)1 108 1 239 9 242 8 251 .8 272.8 
2 252365 5 241 0 243 9 252.3 271.0 
2 296522 4 221 2 22 3 5 239.8 270.6 
2 299766 8 222 5 223 9 243.4 274.8 
2 316853 1 193 5 201 0 235.2 270.4 
2 338383 0 183 2 195 5 231 .0 272. 1 
2 138067 5 274 0 276 1 278.6 281 .8 
2 157645 7 272 7 274 7 277.7 280.7 
2 163388 1 27 2 3 274 5 277.7 283.0 
2 179457 7 271 0 273 2 276.7 283.7 
2 201392 1 270 3 272 4 276.0 283.7 
2 230628 6 266 7 269 2 273.9 284.1 
2 239477 4 266 7 269 0 273.6 284.9 
2 260624 6 262 5 264 8 270.6 286.9 
2 267461 6 260 7 262 8 269.5 285.3 
2 282605 8 259 7 262 0 268.7 284.5 
2 283770 I 259 3 261 7 268 0 4 285.3 
2 317807 9 25 3 2 255 0 263.5 284.7 
2 330873 3 252 2 253 6 263.3 286.5 
2 362988 9 241 3 242 0 255.3 285. 1 
2 374188 1 245 6 248 6 257.0 284.7 
2 397003 9 20 5 6 214 9 246.8 285.2 
2 155989 4 266 9 288 6 290 «7 294.1 
2 156991 9 286 5 286 3 290.6 294.9 
2 183368 7 284 7 286 6 289.3 295.2 
2 189211 3 285 1 286 8 289.5 295.2 
2 226796 6 282 8 284 6 287.9 295. 1 
2 263742 4 281 6 283 9 288.8 297.9 
2 283047 3 278 6 280 4 284.7 296. I 
263 
269 
269 
261 
259 
254 
254 
242 
245 
229 
225 
277 
276 
277 
276 
276 
274 
274 
273 
271 
270 
270 
266 
266 
259 
262 
242 
290 
290 
289 
289 
288 
289 
286 
• 6 
.3 
. 0  
.8 
• 1 
.2 
. 1 
. 3 
.4 
.7 
.0 
. 8  
. 5 
.3 
. 8  
.4 
• 5 
. 8 
. 1 
.4 
.5 
.7 
. 6  
.7 
. 6  
.3 
• 7 
. 3 
.4 
.5 
.7 
.3 
• 0 
• 2 
2 1 1  
217 
2 1 8  
205 
2 0 1  
193 
193 
173 
174 
164 
146 
225 
217 
216 
217 
213 
2 1 2  
210 
209 
215 
212  
207 
202 
193 
192 
191 
166 
224 
232 
233 
228 
225 
235 
218 
1 229 8 240 3 244 0 231 3 
8 234 1 245 0 248 6 236 4 
6 233 243 7 247 2 235 6 
8 225 T 235 9 240 8 227 0 
1 220 fr 231 9 237 6 222 7 6 217 2 229 0 240 5 220 1 
0 211 7 215 2 232 7 213 1 
6 194 1 209 9 226 0 200 9 
0 186 2 216 5 239 3 2 04 0 
1 177 4 210 0 216 5 192 C 
5 170 6 200 3 220 8 184 6 
0 243 5 253 3 256 5 244 6 
9 239 1 248 9 251 7 2 39 4 
8 244 7 258 4 262 4 245 6 
0 242 7 258 2 260 2 244 5 
8 237 8 248 9 252 5 238 3 
1 237 5 251 6 258 7 240 0 
7 234 9 245 3 252 3 235 8 
1 234 6 249 9 260 8 2 38 6 
9 229 8 24 3 3 251 0 235 0 
7 229 2 240 0 245 3 231 3 
1 229 1 241 9 248 9 231 7 
8 223 0 233 3 241 6 225 2 
0 215 6 233 7 246 1 222 I 
8 209 2 222 6 235 7 215 1 
4 205 7 226 2 244 9 217 I 
6 185 8 212 8 227 5 198 2 
8 252 4 262 4 267 5 251 8 
9 255 8 265 2 272 0 256 4 
7 255 0 26 2 6 270 9 255 5 
8 253 2 261 3 266 2 252 4 
6 249 9 257 6 263 1 2 49 1 
1 247 3 259 6 265 5 251 9 
7 245 0 255 S 262 9 245 5 
c>> 
n; 
lAfiliL 
RUN TUBE MASS 
FLUX 
AVERAGE CONDENSING FLUKD TEMPERATURES 
0 * 
55 2 
134 2 
47 2 
133 2 
27 2 
48 2 
139 2 
54 2 
130 2 
129 2 
128 2 
33 2 
127 2 
126 2 
53 2 
140 2 
49 2 
167 2 
169 2 
168 2 
170 2 
171 2 
172 . 2 
64 2 
78 2 
65 2 66 2 
67 2 
83 2 
66 2 
82 2 
69 2 
77 2 
81 2 
76 2 
80 2 
79 2 
75 2 
74 2 
73 2 
72 2 
71 2 
84 2 
85 2 
60 2 
61 2 
I I  111 IV TUBE 
AVERAGE WALL TEMPERATURES 
II III IV TUBE 
304895 
332535 
334733 
385554 
390595 
411887 
157703 
180099 
181533 
233947 
291552 
312608 
332342 
369491 
372006 
388583 
416895 
311724 
256910 
247531 
210538 
175341 
138323 
359893 
324178 
290 226 257641 
195553 
187532 
146664 
149457 
151082 
158666 174851 206535 
216820 
243989 
251517 
290618 
326026 
405509 
413575 
415188 
335026 
328885 
282218 
1 274 6 276 5 282 1 294 8 
5 273 2 2 74 9 280 5 296 2 
1 272 7 274 4 280 5 297 1 
7 266 5 267 3 274 8 296 8 
4 265 4 266 0 275 1 299 2 
7 249 3 251 6 266 8 295 2 
7 297 6 299 1 301 0 303 6 
7 296 4 298 0 30 0 3 304 1 
0 296 8 298 3 300 5 303 9 
3 294 2 295 8 298 6 304 4 
6 291 6 293 2 296 6 305 8 
0 266 6 288 7 293 7 305 1 
9 288 8 290 2 294 3 305 3 
9 284 3 285 7 291 1 305 6 
1 284 9 285 9 291 1 301 8 
7 280 0 281 9 288 7 305 0 
1 282 3 283 1 288 8 307 2 
7 301 5 302 6 305 7 313 7 
5 303 5 305 0 307 6 312 4 
7 304 3 305 8 308 3 313 5 
2 305 9 307 3 309 4 312 5 
1 306 9 308 3 310 2 312 7 6 307 9 309 2 310 7 312 1 
3 200 3 210 5 238 6 272 9 
9 194 8 198 5 234 9 271 2 
3 235 5 238 1 248 2 272 5 3 246 6 249 0 255 7 272 9 
1 254 4 257 2 261 6 279 2 
3 254 3 256 8 261 2 271 7 
9 259 0 261 3 264 5 270 7 
5 274 2 276 0 278 5 282 9 
2 274 8 276 6 278 9 283 9 
6 272 2 274 0 277 1 282 0 
6 271 4 273 3 276 6 282 9 
3 269 4 271 5 275 6 283 1 
3 267 7 269 6 274 0 284 3 
6 267 2 269 1 273 7 285 5 
4 266 8 269 0 274 2 285 0 
1 259 4 261 3 268 3 285 o2 
4 251 3 253 4 262 9 205 
9 215 6 215 8 248 2 285 ,2 
3 206 2 217 6 248 5 286 .6 
2 198 4 210 7 246 3 286 . 0 
3 289 9 291 1 295 0 305 .8 
0 289 8 290 9 294 9 306 .,5 
9 292 8 294 4 297 7 305 .,8 
283 
283 
283 
279 
279 
269 
300 
300 
300 
296 
293 
292 
290 
292 
306 
307 
308 
309 
309 
310 
235 
230 
251 
258 
265 
262 
264 
278 
279 
276 
276 
275 
275 
275 
274 
270 
266 
247 
244 240 296 
296 
298 
4 223 0 237 7 251 9 258 3 242 7 
1 212 3 235 9 244 2 256 6 237 2 
2 227 0 241 6 256 2 261 8 246 6 
1 208 6 231 9 240 3 258 3 234 8 
5 210 1 227 3 242 3 256 9 234 1 
1 206 2 220 4 241 4 252 0 230 0 5 236 3 262 1 272 1 276 7 261 8 
0 252 1 261 9 277 0 277 2 267 1 
1 237 0 260 4 270 1 274 0 260 4 
8 232 8 257 8 266 6 271 0 257 0 
8 227 2 254 5 263 8 269 8 253 8 
8 239 7 251 8 266 6 275 3 258 4 
0 220 1 249 4 250 5 263 5 247 9 
4 215 3 243 4 252 9 257 7 242 3 
2 221 3 248 1 264 6 268 8 250 7 
8 223 8 241 7 249 5 257 1 243 0 
7 238 9 251 0 263 2 269 7 255 7 
8 237 0 256 4 269 3 269 3 258 0 
6 244 3 262 8 273 4 273 0 263 4 
5 246 3 265 4 276 3 275 0 265 7 
0 241 1 263 6 275 4 274 7 263 7 
7 242 1 267 3 278 9 278 4 266 7 
0 245 3 268 6 280 9 284 1 268 4 
1 153 3 172 3 209 2 222 3 189 2 
4 155 9 172 9 207 6 224 1 190 1 
2 195 3 206 3 223 3 229 0 213 5 
0 212 1 218 4 233 5 235 5 224 9 
3 223 4 228 5 242 2 244 6 234 7 
1 222 1 227 4 240 5 244 8 233 7 
4 227 9 233 3 240 5 244 5 236 6 
3 238 7 244 9 257 9 260 2 250 4 
0 242 7 245 2 258 8 258 0 251 2 
7 238 1 243 7 256 9 262 4 250 3 
6 236 6 242 8 255 6 257 5 248 1 
6 234 6 240 1 254 5 257 6 246 7 
0 234 9 240 9 253 5 256 5 246 4 
2 231 9 237 8 252 4 255 7 244 5 
9 230 4 236 1 251 0 256 0 243 4 
6 222 2 230 7 244 9 251 1 237 2 
0 214 4 224 3 240 0 253 8 233 1 
1 180 8 187 2 220 4 238 9 206 8 
4 161 8 182 8 219 1 239 4 200 8 
0 158 9 178 9 216 0 234 9 197 2 
7 241 7 251 3 266 4 266 6 256 5 
9 239 9 253 0 267 3 265 2 256 4 
6 246 0 257 2 271 0 268 0 260 6 
LO 
to 
o 
RDTT 
« 
~62 
86 
63 
87 
108 
93 
88 
89 
109 
92 
90 
91 
94 
95 
101  
96 
97 
98 
99 
100 
1 0 2  
111 
107 
103 
104 
105 
1 1 0  
106 
223 
147 
222 
221 
159 
153 
220 
158 
146 
152 
155 
157 
154 
148 
149 
156 
150 
166 
1'UBE 
# FLUX 
AVERAGE" 
I 
CONDENîiINé 
II III 
2 239194 7 295 1 296 .6 299 3 
2 232149 6 295 5 296 .8 299 4 
2 197775 4 296 8 298 • 3 300 5 
2 323266 5 189 7 198 o 8 234 4 
2 306006 3 214 3 217 «3 237 1 
2 305355 0 198 9 206 .0 236 9 
2 293215 6 226 7 229 .  1 244 5 
2 237947 1 240 4 243 .5 252 7 
2 210654 3 249 3 252 • 5 258 5 
2 190677 9 251 9 255 .0 260 1 
2 188442 1 250 1 253 .7 259 7 
2 134694 1 257 8 260 .6 264 1 
2 384506 0 198 9 210 «6 246 2 
2 356969 8 238 7 240 «5 254 6 
2 333288 1 244 9 247 .1 258 7 
2 300 847 6 256 0 258 .6 266 3 
2 264607 9 262 6 265 .1 271 0 
2 226501 0 267 3 269 .9 274 4 
2 180647 2 270 1 27? .5 276 2 
2 J 49585 9 273 1 zrt). • 3 278 2 
2 330039 3 287 4 289 • 2 293 9 
2 292742 3 290 2 292 .0 296 0 
2 287344 7 290 6 292 .5 296 3 
2 273812 8 291 2 293 O 1 296 8 
2 227925 0 294 3 296 •  1 299 0 
2 187756 9 295 7 297 .6 300 1 
2 158677 0 297 1 298 .  8 301 0 
2 152670 3 297 3 298 .9 301 0 
3 121324 3 24 3 4 249 o4 257 9 
3 124308 4 242 2 247 .7 256 7 
3 150087 6 225 9 236 .6 251 6 
3 154506 1 215 3 229 .9 248 4 
3 159920 5 215 8 226 ,7 245 7 
3 163271 7 208 5 221 .7 243 6 
3 169378 1 206 2 223 .4 245 7 
3 141348 3 259 3 264 .0 271 7 
3 146477 4 257 5 262 .4 270 8 
3 180160 8 234 9 245 .  3 262 0 
3 189568 4 228 8 241 .1 260 6 
3 200349 6 212 6 230 .  2 255 3 
3 209561 6 210 7 227 .4 254 0 
3 240911 8 215 0 2 35. 1 263 9 
3 234177 4 223 4 240 .8 266 4 
3 20 8776 9 250 0 259 .3 274 6 
3 205459 6 251 1 259 .9 274 8 
3 198831 4 250 4 259 «5 274 9 
1 A11 • a v.ur4 1 1 
!D TEMPERATURES AVERAGE WALL TEMPERATURES 
IV TUBE I II III IV TUBE 
)06 3 300 1 254 0 262 0 276.4 272 7 266 3 
504 5 299 6 250 7 258 2 273.4 276 1 264 6 
J05 6 300 8 255 9 263 3 278.2 273 4 267 7 
>72 1 228 6 155 8 169 2 206.4 226 2 189 4 
>71 4 239 0 178 1 188 5 201.1 230 3 199 5 
>70 3 232 2 157 2 171 1 205.9 222 9 189 3 
>72 9 246 5 178 0 193 8 215.3 231 0 204 5 
>71 8 254 1 181 4 210 9 227.3 236 1 213 9 
>70 8 259 0 202 8 219 3 233.1 238 2 223 3 
>70 2 260 3 204 9 222 3 236.5 240 8 226 1 
>70 0 259 3 204 5 221 5 236.0 241 2 225 8 
>79 1 267 2 213 6 230 8 244. I 246 9 233 9 
>83 5 239 2 158 8 180 1 217.4 233 8 197 5 
>85 1 258 3 191 2 207 0 227.9 241 0 216 8 
>84 4 261 7 193 2 211 9 229.4 239 8 218 6 
>85 0 268 6 203 3 223 5 238.9 245 7 227 9 
>84 3 272 2 208 6 229 0 243.5 247 8 232 2 
>83 6 274 7 208 3 232 8 246.5 249 4 234 3 
>82 5 275 8 219 4 237 3 249.9 252 4 239 7 
>83 6 278 0 224 8 243 4 257. 1 259 7 246 3 
505 4 295 3 226 2 249 6 264.3 266 3 251 6 
304 4 296 5 228 0 250 8 265.2 267 0 252 8 
505 5 297 2 227 3 252 0 266.0 266 0 2 52 8 
504 8 297 3 229 0 252 6 267.0 268 4 254 2 
504 7 299 1 235 2 257 6 272.4 274 0 259 8 
504 2 299 7 241 7 260 7 274.8 276 9 263 5 
503 3 300 1 243 1 261 3 275.3 273 4 263 3 
503 7 300 4 238 5 261 0 275.7 276 6 263 0 
>67 7 255 1 210 2 228 7 237.8 243 3 230 0 
>67 4 254 1 200 9 223 1 233.7 242 8 225 1 
>67 7 246 1 194 4 215 8 228.6 251 5 222 6 
>66 6 240 6 187 3 208 8 224.7 237 5 214 6 
>66 6 239 9 176 2 203 0 220.8 238 8 209 7 
>73 7 239 2 170 0 197 0 217.4 238 7 205 8 
>67 9 236 5 181 6 205 3 223.9 238 1 212 2 
>80 9 269 5 213 2 236 9 247.5 255 6 238 3 
>81 9 268 9 212 0 237 7 247.9 255 0 238 1 
279 5 256 3 195 8 220 8 233.6 247 3 224 4 
>79 5 253 3 184 8 210 7 229.3 244 6 217 3 
>79 4 245 3 183 2 209 1 229.4 248 9 217 7 
>79 5 244 0 167 2 199 2 222.6 247 2 209 1 
>90 3 252 0 178 1 208 0 234.0 255 0 218 8 
>90 1 256 1 186 1 212 3 235.6 259 5 223 3 
>91 6 269 9 206 8 233 1 247.0 260 2 236 8 
>91 1 270 1 205 7 231 1 246.4 264 3 236 9 
>91 4 270 0 213 5 232 2 248.3 261 5 238 9 
w 
M 
TUBE MASS AVERAGE: CONOEN SING FL 
* « FLUX I I  I III 
151 3 178431.4 266 4 271 6 280 9 
145 3 146423ol 276 6 280 0 285 7 
219 3 lS4807o4 289 5 292 8 297 6 
144 3 156473.4 288 3 291 3 296 5 
218 3 175863o5 285 2 289 5 295 8 
143 3 18(>878o3 282 5 286 4 293 6 
160 3 195391o3 281 6 286 0 293 6 
142 3 220585o4 269 8 276 5 288 2 
217 3 229863.1 268 6 276 5 288 7 
216 3 267072.8 248 1 261 9 281 5 
215 3 288980.8 226 9 249 7 276 7 
141 3 290699.2 222 6 245 0 275 5 
161 3 172039.9 298 1 301 0 305 9 
162 3 192534o5 293 4 297 1 303 6 
163 3 237058.5 280 1 286 7 297 8 
165 3 28891 loi  260 1 272 2 291 3 
164 3 324134.9 221 8 246 7 280 8 
187 4 109952.7 247 4 252 6 259 9 
203 4 135555.4 247 0 252 4 259 6 
202 4 154975.6 240 7 247 5 257 0 
186 4 163413.7 237 4 244 6 255 5 
201 4 178681.5 223 9 235 4 250 9 
200 4 203097.8 201 9 220 7 244 2 
185 4 207906.4 207 3 223 1 246 0 
208 4 263192.6 20 5 5 228 9 256 9 
211 4 256864.9 21 1 1 231 7 258 1 
181 4 246435.5 214 8 233 8 258 3 
209 4 242499,8 220 0 237 7 260 5 
182 4 226797.8 235 5 246 9 263 6 
210 4 213179.4 242 6 252 4 266 8 
193 4 212266.6 244 3 253 4 266 9 
212 4 191019.5 252 5 259 8 270 3 
183 4 181526.2 256 6 262 2 271 1 
194 4 163608.1 260 1 265 6 273 4 
213 4 159342.4 262 4 267 3 274 2 
184 4 150414.4 264 7 268 8 274 6 
214 4 138307.9 267 6 271 2 2 76 2 
180 4 151475.4 280 4 283 5 2 87 9 
176 4 170234.3 275 0 279 6 285 9 
179 4 212037 </3 269 1 274 6 282 9 
195 4 242490.8 256 6 265 7 278 9 
178 4 264068.9 248 3 258 8 274 6 
177 4 302432.9 218 0 239 1 265 8 
173 4 266216.4 274 0 280 0 290 2 
196 4 234639.1 279 0 264 7 293 3 
174 4 216345.8 283 7 288 2 295 0 
1,1: All.g CCON'TI 
HID TEMPERATURES AVERAGE WALL TEMPERATURES 
IV TUBE I II III IV TUBE 
291 9 278 3 215 2 241 9 
.293 1 284 3 225 2 252 1 
302 5 295 8 241 5 264 3 
.303 0 295 2 234 1 261 3 
303 4 293 9 241 1 262 3 
302 4 291 7 223 9 253 2 
304 0 292 0 231 0 254 2 
301 8 2 84 9 220 2 245 0 
302 9 285 0 226 9 248 7 
302 1 274 4 209 2 233 1 
302 0 264 3 193 0 219 0 
301 8 261 9 173 3 205 6 
311 5 304 4 242 6 268 6 
311 3 301 8 240 9 266 1 
310 5 294 5 229 5 254 7 
310 9 284 7 209 9 238 1 
309 4 265 5 176 2 214 5 
270 1 258 2 215 2 233 1 
267 9 257 1 206 6 227 7 
268 8 254 2 201 7 224 7 
269 6 252 7 203 2 222 7 
269 2 245 8 204 0 214 0 
270 4 235 5 177 2 204 4 
277 7 240 8 175 6 201 5 
285 1 245 0 181 I 209 2 
284 3 247 3 182 0 208 6 
283 8 248 7 187 1 213 2 
284 1 251 5 189 7 218 0 
275 4 255 3 201 2 224 5 
282 7 261 9 203 8 226 4 
284 1 263 3 205 4 231 0 
283 7 267 4 211 1 234 5 
282 1 268 7 211 9 238 5 
282 0 270 7 219 8 240 9 
283 0 272 2 221 0 242 2 
281 8 272 9 220 6 242 7 
282 3 274 7 225 1 246 1 
290 8 285 6 229 8 253 4 
292 6 2 83 6 235 8 253 1 
293 0 280 5 221 2 245 2 
294 1 274 6 213 6 239 0 
292 8 269 7 204 8 229 9 
293 4 255 2 181 8 211 0 
303 6 287 9 223 5 250 0 
303 6 290 7 231 3 255 5 
303 1 293 0 236 0 258 5 
257 •  4 264 6 244 • 8 
262 .0 266 9 251 .6 
271 .6 275 3 263 •  2 
270 .6 278 3 261 .1 
270 • 8 277 3 262 .9 
264 .5 273 6 253 .8 
268 .1 276 0 257 .3 
259 .6 273 9 249 .7 
259 .4 268 3 250 .8 
247 .2 263 0 238 .1 
239 .  2 260 1 227 .9 
236 .3 258 1 218 .3 
278 .0 288 3 269 .4 
274 .5 285 5 266 .8 
265 .0 279 9 257 .3 
257 .5 276 2 245 .4 
243 .6 277 4 227 .9 
241 .1 247 9 233 .1 
235 »4 243 4 228 .3 
233 .5 243 1 225 .7 
233 .4 247 0 224 •  7 
226 .5 239 9 221 •  1 
222 .5 239 4 210 .9 
221 .3 236 3 206 .  1 
232 .3 >51 9 218 .6 
231 •  2 >43 9 216 •  4 
232 .6 Î56 5 219 .2 
234 .9 !51 6 223 .6 
239 •  1 >51 4 227 .0 
239 .2 251 3 230 .2 
241 .1 >54 8 231 .1 
245 •  9 >53 2 236 .2 
244 .9 >52 8 235 .6 
247 .2 >56 4 239 .7 
250 •  1 >56 5 242 .5 
250 .5 >57 8 241 •  5 
252 .9 >59 2 245 # 8 
259 .3 >68 8 251 .4 
260 .3 >62 1 252 .8 
254 .3 266 6 245 .0 
248 .8 260 8 238 .7 
244 .3 262 0 232 .8 
234 .0 262 5 218 .  6 
262 .0 267 5 250 .7 
261 .8 271 2 253 .5 
268 .4 271 8 258 .7 
RUN 
• 
197 
175 
188 
189 
198 
190 
204 
199 
205 
191 
206 
192 
20 7 
261 
252 
271 
257 
253 
256 
255 
254 
243 
270 
250 
248 
247 
246 
245 
249 
244 
242 
241 
240 
239 
237 
236 
232 
269 
235 
234 
233 
238 
230 
265 
229 
228 
TUBE MASS AVERAGE; CONDEN SING FLl 
a FLUX I I I  111 
4 187931. 1 288 4 292 1 297 4 
4 183511 3 289 5 292 6 297 3 
4 158040 3 292 6 295 3 299 0 
4 266116 6 287 7 293 6 302 3 
4 240063 1 292 8 297 5 304 4 
4 217030 1 296 5 300 1 305 7 
4 208168 1 298 1 301 5 306 7 
4 198789 0 298 9 302 3 307 0 
4 182611 3 301 6 304 2 300 0 
4 177711 9 30 1 9 304 5 308 3 
4 155754 6 30 3 8 306 0 309 0 
4 156972 9 303 9 305 9 309 0 
4 166930 0 30 3 0 30 5 4 308 8 
5 117050 2 258 7 261 6 265 4 
5 128759 4 255 6 259 1 264 0 
5 146464 1 252 4 256 7 262 3 
5 156068 3 251 6 255 4 262 2 
5 164731 3 250 0 254 2 261 2 
5 192345 1 237 5 24 4 3 256 3 
5 222259 6 210 8 225 8 248 A 
5 232246 2 203 3 220 7 246 1 
5 117763 6 272 1 273 9 278 2 
S 133913 2 272 9 27 5 3 270 6 
5 143998 8 272 3 275 1 270 9 
5 167094 8 264 7 267 8 274 7 
5 185146 2 262 0 264 5 273 2 
5 225992 5 245 4 249 9 266 3 
5 251245 7 226 6 236 7 259 0 
5 264922 5 227 5 240 5 261 1 
5 264921 9 209 8 228 8 256 1 
5 130151 9 285 1 287 1 290 3 
5 155554 9 282 7 285 2 289 1 
5 169154 3 280 0 283 8 280 6 
5 184271 1 278 5 261 7 287 1 
5 209212 7 273 4 277 9 285 0 
5 240462 4 265 0 271 1 281 2 
5 266851 5 257 !5 265 2 277 9 
5 268786 1 258 4 265 8 270 6 
5 279209 8 24 8 2 258 1 274 4 
5 308417 9 229 4 244 8 260 0 
5 316746 8 214 2 234 0 263 3 
5 328589 6 209 6 232 1 262 8 
131003 4 297 2 298 7 300 8 
iy 135386 1 298 5 300 0 302 0 
S 146304 6 296 3 298 0 300 4 
5 172723 1 294 3 296 4 299 5 
lAaiJï AUn? (CQN'Il. 
IV TUBE 
AVERAGE WALL TEMPERATURES _ 
II  III IV TUBIi 
303 
302 
303 
313 
313 
313 
312 
313 
313 
313 
312 
312 
313 
270 
270 
270 
271 
270 
271 
272 
271 
280 
289 
285 
281 
281 
282 
282 
283 
283 
292 
292 
293 
296 
292 
293 
293 
295 
294 
292 
293 
292 
303 
305 
302 
303 
.3 
. 2  
. 2  
• 5 
o8 
.0  
.9 
.5 
. 2  
• 1 
• 0 
• 5 
.0  
. 7  
• 1 
• 8 
. 7  
.9 
. 7  
. 4  
.9 
.3 
.0  
. 2  
. 2  
.9 
. 2  
5 
8 
5 
• 2 
• 8 
. 4  
.5 
.9 
.5 
. 8  
. 7  
. 1 
. 7  
•  2  
8 
3 
3 
6 
6 
295 
295 
297 
300 
302 
304 
305 
305 
307 
307 
307 
308 
307 
264 
262 
261 
261 
259 
253 
240 
236 
276 
280 
2 78 
272 
271 
262 
253 
254 
245 
288 
287 
286 
286 
282 
270 
274 
275 
270 
260 
252 
250 
300 
301 
299 
298 
239 
236 
241 
244 
247 
246 
248 
255 
249 
253 
250 
257 
252 
231 
225 
226 
226 
220 
2 1 2  
193 
189 
243 
243 
242 
235 
233 
219 
204 
201 
190 
253 
251 
250 
248 
245 
237 
227 
225 
224 
196 
186 
186 
2 67 
265 
264 
263 
2 262 4 267 8 274.6 259 8 
0 261 8 268 7 270 •  8 259 3 
9 266 6 273 7 278.7 264 0 
6 264 8 274 1 285 .  1 265 5 
3 270 3 277 8 285 .  7 268 9 
9 271 2 278 5 287. 1 269 5 
7 271 8 266 6 287.2 268 6 
7 276 1 282 3 290.1 274 8 
9 275 9 281 3 290 .  2 2 74 3 
4 276 1 283 5 290 .  3 274 5 
2 275 5 281 4 287.8 273 7 
2 276 4 28:) 8 290 .  2 275 7 
7 277 1 282 3 287.7 274 9 
8 237 6 241 2 252.6 240 8 
0 230 3 234 4 245.8 233 9 
6 230 0 236 1 247.7 235 1 
3 231 1 235 7 248.2 235 3 
6 225 2 229 8 242.7 229 6 
4 219 2 227 8 243.3 225 7 
4 205 2 221 0 239.9 214 8 
0 200 1 218 7 239 .  0 211 7 
6 242 4 249 3 256.3 247 9 
1 247 4 252 5 263.3 251 6 
5 247 8 253 2 265.6 252 3 
3 240 4 245 3 253.8 243 7 
7 238 7 244 6 253.8 242 7 
2 225 4 237 2 249.4 232 8 
4 215 2 230 8 246.7 224 3 
3 21(1 1 227 3 249.2 222 0 
4 203 8 226 9 257.7 219 7 
0 256 5 262 1 270 •  4 260 5 
3 256 0 261 2 269.7 259 5 
7 255 9 262 8 270 .  1 259 9 
3 254 0 259 0 270 .  C 257 8 
1 249 1 255 5 262.9 253 2 
8 242 2 252 0 260 .  6 248 2 
8 231 9 239 3 259 .  2 239 6 
9 234 2 245 3 264 .  7 242 5 
1 236 6 245 3 256.8 240 7 
2 211 4 235 8 244.9 222 1 
2 205 4 233 5 250 .  3 218 9 
6 204 2 227 5 256 .  4 218 7 
6 273 6 276 1 285.7 275 7 
3 264 2 274 4 286.2 272 6 
5 271 2 272 3 284 .  3 273 1 
3 271 0 274 9 286. 1 273 8 
w 
to 
w 
RÛFT 
# 
23? 
266 
227 
268 
225 
224 
226 
267 
258 
264 
272 
262 
261 
260 
297 
296 
312 
295 
298 
311 
294 
299 
288 
293 
308 
289 
290 
291 
309 
310 
287 
281 
282 
283 
284 
285 
307 
286 
273 
274 
275 
276 
280 
306 
277 
278 
ÎÛBE" MASS 
I f  FLUX 
JLAflLii AUtg (ÇQN'Tl 
AVERAGE CONDENSING FLUID TEMPERATURES 
I II IT I IV TUBE I 
AVERAGE WALL TEMPERATURES 
II III IV TUBE 
5 184997 6 292 9 295 2 298 7 
5 185305 6 294 6 296 9 300 3 
5 196536 4 291 5 294 2 298 I  
5 210290 1 292 0 294 7 299 0 
5 229258 3 288 8 291 7 296 6 
5 267759 6 281 0 285 3 292 8 
5 276228 9 277 5 282 3 291 4 
5 279064 7 279 5 284 3 292 9 
« 142491 3 306 9 308 5 311 1 
5 146284 9 307 9 309 3 311 1 
5 152215 0 307 2 308 7 310 8 
5 161966 4 307 7 309 1 311 1 
5 182495 9 305 9 307 7 310 3 
5 189508 5 305 0 307 1 310 1 
6 155941 7 235 4 243 4 254 9 
5 171115 8 223 5 234 7 250 4 
6 174310 2 219 3 233 9 251 7 
6 176320 4 210 6 231 7 249 5 
6 1 BO805 6 217 3 231 4 249 6 
6 182844 4 213 0 230 0 250 7 
IS 186125 9 208 2 224 7 246 7 
6 190644 5 208 7 226 5 248 2 
6 237678 6 208 4 230 0 257 2 
6 237361 9 210 0 230 7 257 4 
6 229647 3 212 8 234 6 260 3 
6 227386 2 217 3 236 1 259 6 
6 218150 1 226 5 241 3 261 4 
6 2 07080 6 233 3 246 2 263 8 
6 185666 7 251 8 258 8 269 5 
6 151041 7 264 8 269 2 275 4 
6 122729 6 258 4 264 2 272 6 
6 283260 2 212 3 237 4 267 0 
6 272733 2 229 8 247 1 270 4 
6 245039 7 249 3 259 7 275 7 
6 223394 5 258 7 266 5 278 9 
6 185563 9 272 3 277 1 284 4 
6 176287 1 275 8 280 0 286 3 
6 138565 8 276 7 280 6 286 2 
6 364980 6 217 5 242 5 273 4 
6 315117 6 218 7 247 0 277 7 
6 311733 3 236 0 255 5 280 8 
6 277330 5 255 5 266 9 284 6 
6 242749 1 272 7 279 7 290 4 
6 235250 1 278 5 284 2 293 3 
6 223713 9 277 5 283 4 292 6 
6 197775 0 284 0 288 3 295 1 
103 (05 (03 
105 
105 
104 
103 
105 
113 
113 
1 1 2  
112 
113 
113 
•67 
166 
•67 
•66 
•68 
•69 
•67 
•69 
•80 
•80 
•80 
•80 
•79 
!80 
•81 
•8 2 
•81 
•91 
•90 
!92 
•92 
•92 
•93 
•92 
101  
101 
102 
101 
102 
103 
>02 
10 2 
3 
5 
4 
0 
1 
5 
8 
3 
2 3 
7 
9 
• 6 
.0  
.7 
5 
1 
8 
9 
1 
1 3 
6 
2 
8 
5 
8 
0 
4 
6 
1 
5 
6 
1 
0 
9 
8 
1 
0 
4 
6 
5 
4 
9 
2 
0 
297 
299 
297 
298 
296 
291 
289 
291 
310 
310 
309 
3 * 0  
309 
308 251 
244 
243 
242 
242 
241 
237 
238 
244 
245 
247 
248 
252 
256 
266 
273 
269 
252 
260 
270 
274 
282 
284 
284 
259 
261 
269 
278 
287 
290 
289 
292 
8 259 2 261 9 265 4 277 7 266 1 
7 258 4 261 8 264 7 277 8 265 7 
1 259 6 268 3 273 1 280 7 270 4 
1 253 2 256 5 258 8 275 2 260 9 
3 255 2 267 7 277 3 284 2 271 1 
9 244 3 262 0 273 3 284 1 265 9 
7 246 6 257 1 265 6 276 7 261 5 
5 239 2 244 0 250 0 269 5 250 7 
1 269 7 276 1 282 1 293 8 280 4 
5 271 2 280 5 286 9 296 8 283 9 
9 271 4 276 7 284 2 294 2 281 6 
2 269 8 282 3 288 1 294 7 283 7 
6 266 9 272 0 276 5 291 2 276 6 
9 267 5 272 5 277 6 290 0 276 9 
0 219 5 236 3 240 9 256 5 238 3 
5 209 6 228 3 236 1 255 6 232 4 
3 205 7 224 9 233 4 254 2 229 5 
3 205 6 224 6 234 6 254 6 229 9 
6 201 1 222 1 240 7 259 1 230 7 
1 200 9 221 4 231 9 254 5 227 2 
4 194 9 218 2 232 6 254 7 225 1 
8 190 4 220 8 238 8 257 9 227 0 
7 198 6 224 6 245 4 262 1 232 7 
1 199 3 225 3 241 6 266 2 233 1 
3 204 8 223 8 239 7 264 6 235 8 
9 205 9 229 9 247 8 263 4 236 8 
9 210 3 232 8 248 5 265 4 239 2 
4 214 8 235 5 249 2 265 6 241 3 
1 234 1 248 9 252 8 268 1 251 0 
4 249 8 260 8 261 1 272 2 261 0 
4 242 9 255 6 260 8 267 6 256 7 
4 196 6 225 6 250 5 268 9 235 4 
1 213 8 237 3 255 0 270 5 244 2 
0 232 1 251 0 260 9 273 7 254 4 
7 238 0 254 7 262 7 274 2 257 4 
2 253 8 266 7 270 3 279 2 267 5 
4 257 7 269 1 269 8 282 4 269 8 
1 256 9 269 0 271 8 279 2 269 2 
1 201 5 233 3 255 4 2132 9 243 3 
1 203 9 236 2 264 3 283 2 246 9 
4 213 7 245 2 267 8 285 4 253 0 
0 232 4 256 2 268 8 284 5 260 5 
0 255 1 271 6 275 8 2137 6 272 5 
7 256 3 272 4 274 0 290 1 273 2 
4 253 9 272 5 277 8 288 1 273 1 
7 260 0 277 3 279 5 289 2 276 5 
w N> 4N 
TARI 
RUN TUBE MASS AVERAGE! CONDENSING FLI 
#  »  FLUX Î 11 III 
279 6 177152.8 288 !5 291 8 296 9 
301 6 326901*0 269 2 279 2 295 1 
313 6 270321 .2 281 7 289 7 300 9 
304 6 260537,,  0 286 8 292 5 301 7 
305 6 241194,5 292 2 296 7 303 9 
30 2 6 234 346,4 295 3 299 1 2105 1 
314 6 2276M7,,  1 294 1 298 2 304 8 
303 6 197542.6 299 1 30 2 1 306 8 
433 7 232752.4 199 0 214 9 340 8 
434 7 200398.3 211 1 224 6 .245 3 
439 7 198086.& 209 9 224 7 245 8 
435 7 193028.I 218 2 229 3 247 0 
436 7 170093.6 227 0 236 0 250 2 
438 7 158128.1 239 8 246 0 255 4 
437 7 144120.6 244 4 249 9 258 0 
426 7 145930.9 266 0 269 6 274 8 
427 7 162480.4 262 3 266 a 27.3 2 
428 7 188878.6 254 3 260 5 269 6 
429 7 224015.1 238 9 248 1 263 2 
430 7 233304.8 237 2 246 5 261 5 
431 7 245421.4 216 7 233 3 256 6 
432 7 256224.4 205 2 225 1 253 6 
322 7 324555.3 209 8 227 8 2611 8 
323 7 311C80.5 221 4 236 8 264 8 
418 7 304919.7 213 2 233 1 264 3 
420 7 266325.2 249 3 258 1 27 3 2 
324 7 266082.2 252 0 259 6 274 1 
421 7 249669.3 255 9 263 3 276 0 
325 7 248971.1 259 1 265 7 27 T 5 
422 7 238768.4 263 4 269 3 279 4 
326 7 208546.8 270 2 274 9 282 6 
424 7 193907.6 273 0 277 3 283 9 
327 7 183160.8 275 5 279 3 285 2 
328 7 168629.1 278 5 281 7 286 7 
425 7 168561o8 277 9 281 3 286 4 
315 7 386521.6 227 0 240 7 270 8 
410 7 362653.3 212 7 234 5 270 2 
317 7 310616.9 262 1 269 2 283 5 
41 1 7 309915.9 261 4 2'59 1 283 8 
412 7 297216.1 265 2 271 9 284 8 
318 7 278889.8 271 5 277 2 288 0 
413 7 272185.9 272 5 278 0 288 5 
329 7 267782.3 277 9 282 6 291 2 
414 7 244601.0 279 0 283 6 291 8 
319 7 234190.8 281 7 285 9 293 2 
415 7 223509.4 283 4 287 3 293 9 
itO^TEMPERATURES AVERAGE WALL TEMPERATURES 
IV TUBE 1 II III IV TUBE 
302 3 295 1 266..  4 280 
312 1 289 9 246» 9 266 
312 7 2 96 8 267. 6 279 
312 5 299 0 265. 5 281 
311 4 301 4 271 .  8 285 
312 1 303 3 277. 0 287 
313 2 303 2 276. 1 286 
311 4 305 0 282. 5 289 
266 1 231 8 192, 9 206 
266 5 238 1 198. 5 210 
266 3 237 7 197» 3 211 
266 0 241 3 204 6 215 
266 1 245 8 210 7 220 
267 1 252 9 223 7 232 
267 6 255 6 227 9 236 
280 8 273 1 247 1 254 
280 2 271 0 242 1 248 
280 9 267 1 236 1 244 
280 1 258 7 219 1 229 
280 0 257 6 218 4 228 
279 2 247 6 202 8 217 
279 3 242 1 196 7 212 
291 8 250 1 179 5 211 
291 5 255 6 192 9 219 
290 6 251 8 194 8 215 
291 4 269 3 232 2 243 
2:92 3 271 0 226 5 248 
2:90 6 272 5 234 5 245 
2:93 0 275 1 232 0 254 
2:92 0 277 0 240 2 250 
2:92 8 2 80 9 242 8 262 
2:92 4 282 2 2:52 5 262 
2:92 8 283 7 2:47 7 266 
2:92 2 285 1 249 2 267 
2.92 5 284 9 255 0 264 
301 5 262 7 197 1 225 
299 8 256 2 191 5 215 
302 3 280 8 232 1 257 
302 2 280 6 237 2 251 
301 1 282 0 242 6 255 
302 1 285 8 239 2 263 
301 8 286 2 246 3 258 
303 7 289 9 248 5 268 
302 3 289 9 253 7 265 
302 6 291 5 249 0 272 
30 3 2 292 7 259 1 270 
281 5 289 7 2 79 4 
278 1 297 5 272 3 
285 7 299 7 284 4 
283 1 300 4 282 7 
287 5 300 4 286 3 
290 2 301 2 289 0 
290 3 300 8 289 4 
290 3 300 7 290 6 
228 9 253 6 220 4 
230 3 253 2 223 1 
231 4 253 5 223 3 
233 0 253 5 226 6 
235 6 253 6 230 1 
242 9 255 4 238 6 
246 0 257 8 242 1 
262 2 272 1 258 9 
257 3 268 a 254 2 
255 6 269 5 251 4 
244 7 264 8 239 5 
245 3 266 9 239 7 
239 3 264 0 230 8 
238 4 265 0 228 1 
246 5 271 6 227 3 
249 3 272 4 233 6 
243 1 273 7 231 7 
258 9 279 0 253 3 
263 0 278 2 253 9 
260 1 273 9 253 4 
266 5 278 2 257 7 
261 6 279 4 257 8 
270 9 279 4 263 8 
271 7 282 4 267 2 
274 1 281 5 267 4 
274 6 281 0 268 0 
273 9 283 2 269 3 
255 2 281 4 2 39 9 
248 9 284 1 234 9 
271 6 286 1 261 8 
267 5 289 0 261 2 
269 0 287 9 263 8 
275 5 286 9 266 3 
271 4 288 9 266 3 
279 9 290 5 271 9 
275 4 289 8 271 0 
280 6 288 8 272 7 
279 7 292 6 275 6 
0 
8 
1 
7 
5 
6 
0 
0 
2 
6 
0 
3 
5 
4 
6 
0 
3 
4 
3 
4 
1 
5 
8 
7 
0 
1 
0 
2 
1 
0 
0 
2 
2 
3 
9 
7 
1 
2 
0 
6 
5 
5 
5 
2 
2 
9 
rîDFrTUËE MAèS 
« # FLUX 
TABLIg Al 1.2 CCON'T) 
AVËPAGtî^CONOENînrFrCi FLUID TEMPERATURES 
I II I 11 IV TUBE I 
"AVERAGE WALL TEMPERATURES 
I I  I I I  I V  T U B E  
320 7 205677.7 287 1 290 5 295.9 303 1 
416 7 199648o7 287 1 290 3 295.7 302 6 
321 7 167435.6 291 3 2 94 1 298.1 302 8 
441 7 239738.3 294 3 297 9 303.6 311 1 
442 7 227637.5 296 1 299 3 304.6 310 7 
443 7 206701 cl  298 7 301 6 306.0 310 9 
444 7 184598o2 300 9 303 5 307.3 311 0 
445 7 161071.1 303 0 305 2 308.4 311 3 
395 8 193537.9 205 8 221 1 243.0 266 2 
396 8 174130.6 226 0 235 5 249.9 266 5 
397 8 170430.7 227 9 236 8 250.6 266 5 
398 8 155581o4 237 7 244 4 254.6 266 5 
399 8 146808.0 242 9 24 8 7 257.0 267 0 
401 8 I33226.0 247 8 252 6 259.3 266 4 
388 8 142424.7 265 9 269 6 274.7 280 8 
389 8 155966.0 264 3 268 4 274.2 >81 7 
390 8 177856.6 256 0 261 5 269.9 280 9 
391 8 185199.3 253 8 259 7 268.9 280 9 
392 8 198771o4 245 4 253 9 266.3 281 0 
393 8 214780.6 236 3 246 9 262.4 280 0 
394 8 237365.9 211 1 229 0 254.7 279 3 
382 8 2 86044.0 21 3 7 235 1 264.3 291 4 
383 8 270191.9 233 0 246 8 268.7 291 7 
384 8 243446.7 250 0 259 0 274.0 291 6 
385 8 232485o9 258 0 265 4 277.5 292 7 
386 8 202087.9 265 6 271 1 280.2 292 4 
387 8 178783.9 273 2 277 5 284. 1 292 6 
381 8 169575.4 276 7 280 6 286.0 292 0 
380 8 150582.0 281 0 203 8 287.9 293 0 
373 8 285035.4 254 3 264 8 282.3 302 1 
374 8 269646.7 262 5 271 5 285.7 302 8 
375 8 252049.4 270 0 277 6 289.1 302 6 
376 8 221454.6 279 7 284 7 292.5 302 4 
377 8 203523.3 284 2 288 5 294.9 302 9 
378 8 181357.3 287 9 291 5 296.5 302 5 
379 8 161066.7 292 1 294 8 298.4 303 1 
403 8 336195.4 256 0 268 1 288.8 310 7 
404 8 251435.9 284 9 290 3 299.5 310 5 
405 8 237108.6 293 2 297 1 303.4 311 5 
402 8 226806.7 292 2 296 8 303.5 311 5 
406 8 217734.6 297 1 300 3 305.4 311 8 
407 8 192806.0 299 6 302 3 306.5 311 9 
40 8 8 176198.6 30 2 1 304 4 307.8 31 1 7 
409 8 157438.7 303 5 305 6 308.5 31 1 9 
294.7 
294.4 
296. 8 
302.2 
303 
304 
305.8 
307.0 
235 
245 
246 
251 
254 
256.8 
273. 1 
272.6 
267.8 
266.7 
262 
257 
244 
252 
261 
269.8 
274, 5 
278 
202 
284 
286 
277 
281.8 
285.6 
290 
293 
294 
297 
282.3 
297.0 
301 .8 
301 
3 04 
305 
3 06 
307 
1 
6 
5 
4 
6 
3 
4 
2 
4 
1 
7 
1 
255 
264 
254 
269 
269 
273 
277 
278 
197 
210  
212  
220 
227 
232 
249 
247 
237 
235 
230 
220. 
195 
199 
214 
233 
240 
247 
252 
256 
261 
235 
246 
250 
260 
264 
267 
266 
232 
258 
269 
269 
275 
274 
277 
280 
6 276 7 283 8 290 5 276.7 
0 273 7 282 0 293 1 278.2 
0 280 2 285 9 291 8 278.0 
6 278 1 288 1 299 9 283.9 
7 278 7 288 1 298 8 283.8 
6 281 1 289 3 299 4 285.8 
0 283 5 292 0 300 9 288.3 
9 285 7 293 3 301 6 289.9 
7 211 9 229 3 249 4 222.1 
3 221 0 233 5 250 9 228.9 
9 223 3 235 2 251 7 230.8 
9 229 8 238 1 252 4 235.3 
3 235 0 243 6 255 0 240.2 
0 238 4 244 7 253 5 242.2 
0 256 8 261 6 270 7 259.5 
7 255 7 261 9 271 1 259. !l 
5  246 5 254 3 268 3 251 .6 
7 245 3 253 2 267 9 250.5 
1 240 8 251 5 267 1 247.4 
9 233 0 245 5 263 2 240.7 
6 214 4 235 8 259 3 226.3 
5 222 3 247 8 273 5 235.8 
7 231 0 252 4 274 5 243.1 
1 245 8 258 5 271 9 252.3 
5 252 1 262 4 278 4 258.3 
4 257 9 266 0 279 0 262.6 
9 261 8 268 5 279 9 265.8 
0 262 7 269 4 279 8 267.0 
4 267 8 273 1 282 3 271.1 
3 249 8 266 0 286 0 259.3 
1 258 8 271 9 269 3 266.5 
3 261 7 273 3 288 8 268.5 
7 269 1 278 0 289 9 274.4 
7 273 0 279 3 290 5 276.9 
7 274 5 280 7 290 8 278.4 
0 277 4 283 6 291 6 279.6 
2 253 1 267 6 290 5 260.9 
2 268 8 278 7 294 2 275.0 
3 278 5 284 2 297 8 282.4 
7 275 7 287 4 298 6 282.9 
0 283 6 288 3 299 8 286.7 
0 283 0 288 5 299 4 286.2 
1 286 4 290 6 300 5 288.7 
1 288 5 291 6 301 3 290.4 
w to 
a* 
T A B L E  A l  1 . 3  
REDUCED DATA-TEST FLUID PARAMETERS 
UNITS AS APPROPRIATE :  
LBM/HR SQ FT 
PSI A 
RUN 
0 
TUBE MASS 
i* FLUX I 
EXIT 
I I 
PRESSURES 
I 11 IV 
1 17 2 132839 8 34 0 35 4 37 0 39 2 
41 2 146035 9 34 7 36 0 37 4 38 9 
43 2 148095 1 34 4 35 7 37 4 39 3 
116 2 182814 6 31 8 33 0 34 8 38 0 
115 2 212735 8 29 2 30 2 32 2 36 4 
24 2 25110 8 1 24 8 25 0 27 6 34 2 
114 2 202365 5 25 3 25 5 28 1 34 3 
113 2 296522 4 18 4 16 8 20 0 30 0 
21 2 299766 8 20 5 15 8 21 6 32 3 
57 2 316853 1 13 0 7 7 17 5 29 5 
112 2 338383 0 9 3 7 0 15 4 28 7 
118 2 138067 5 44 0 45 4 47 1 49 2 
125 2 157645 7 43 1 44 3 46 1 48 7 
17 2 163368 1 43 0 44 0 46 1 48 8 
18 2 179457 7 42 0 43 1 45 2 48 3 
124 2 201392 1 41 6 42 6 44 5 47 9 
19 2 230628 6 39 3 40 1 42 6 46 7 
123 2 239477 4 39 3 40 0 42 3 46 6 
16 2 260624 6 36 8 37 1 39 7 44 9 
29 2 267461 6 35 9 35 8 38 6 44 6 
122 2 282605 8 35 2 35 4 38 0 44 1 
38 2 2 63770 1 35 0 35 1 37 8 43 9 
121 2 317807 9 31 9 31 2 33 9 41 6 
22 2 33087 3 3 31 6 30 3 33 2 42 2 
120 Z 362988 9 26 6 24 5 27 4 38 8 
37 2 374 111*8 1 27 3 28 0 30 2 37 5 
119 2 397003 9 15 1 1 1 0 21 5 36 5 
131 2 15 5989 4 54 2 55 5 57 1 59 3 
138 2 156991 9 53 9 55 2 56 9 59 3 
132 2 103368 7 52 4 53 6 55 5 58 3 
137 2 189211 3 52 7 53 9 55 7 58 5 
136 2 226796 6 50 9 51 9 54 0 57 5 
30 2 263742 4 50 1 50 8 53 9 59 1 
135 2 283047 3 47 8 48 4 50 6 55 5 
INLET 
PRESSURE 
EXIT QUALITIES 
II III IV 
INLET QUALITY 
41 
41 
41 
41 
41 
41 
41 
41 
41 
41 
41 
51 
51 
51 
51 
51 
51 
51 
51 
51 
51 
51 
51 
51 
51 
51 
51 
61 
61 
61 
61 
61 
6 1  
61 
.5 
• 5 
•  5 
•  5 
.5 
• 5 
•  5 
•  5 
• 5 
.5 
.  5 
• 5 
• 5 
• 5 
•  5 
• 5 
•  5 
•  5 
.  5 
.5 
.5 
• 5 
• 5 
•  5 
• 5 
.5 
• 5 
•  5 
.5 
.  5 
• 5 
•  5 
• 5 
• 5 
0 
0 
0 
0 
0 
0 
-0 
0 
- 0  
0 
0 
0 
0 
0 
0 
0  
0  
0  
- 0  
0  
0  
0  
0  
o 
0  
0  
0  
0  
0  
0  
0  
0  
0  
0  
.033 
.031 
.017 
.028 
.023 
.037 
.013 
.007 
.007 
.023 
.040 
.023 
.035 
.021 
.031 
.020 
.030 
.028 
.010 
.020 
.023 
.024 
.007 
.025 
.007 
.006 
.028 
.038 
.025 
.022 
.030 
.033 
.019 
.039 
.306 
.291 
.303 
.299 
.292 
.273 
.257 
.279 
.244 
.273 
.246 
.307 
.316 
.336 
.330 
.273 
.309 
.275 
.266 
.289 
.289 
.295 
.272 
.263 
.270 
.263 
.258 
.303 
.299 
.302 
.301 
.294 
.297 
.287 
0.610 
0.554 
0o563 
0.569 
0.561 
0.573 
0.526 
0.527 
0.478 
0.479 
0.517 
0.633 
0,578 
0.604 
0 .645 
0.554 
0.571 
0.553 
0.524 
0.569 
0 .545 
0.554 
0.534 
0.533 
0.521 
0.475 
0.467 
0.577 
0.587 
0.583 
0.578 
0.610 
0.559 
0.558 
.792 
.791 
.783 
.796 
.792 
.785 
.764 
.749 
.719 
.712 
.695 
.809 
. 8 1 1  
.827 
.838 
.790 
.810 
.786 
.777 
.796 
.776 
.789 
.763 
.765 
.751 
.730 
.700 
.805 
.810 
.808 
.80 3 
.796 
.771 
.787 
1  . 001  
1 .016 
1 .015 
1.004 
1 .006 
1  .010  
1 .008 
1 .011 
1.014 
1 .012 
1 .015 
1 .000 
1 .000 
1 .002 
1.003 
1 .004 
1 .005 
1 .006 
1 .009 
1 .008 
1 .007 
1 .009 
1  .010  
1  . 0 1 1  
1 .013 
1 .013 
1 .015 
1 .001 
1 .002 
1 .003 
1.003 
1 .004 
1 .006 
1 .006 
oo 
to 
>>i 
RUN 
* 
TUBE MASS 
» FLUX I 
EXIT PRESSURES 
XT. Ill  
55 2 304895 1 45 2 45 1 48 0 
134 2 332535 5 44 1 44 2 46 5 
47 2 334733 1 43 9 43 6 46 4 
133 2 385554 7 40 1 38 8 41 2 
27 2 390595 4 39 9 37 7 40 7 
48 2 411887 7 31 0 28 0 33 5 
139 2 157703 7 64 0 65 3 66 9 
54 2 180099 7 62 9 64 0 66 0 
130 2 181533 0 63 2 64 5 66 3 
129 2 233947 3 60 9 61 9 63 9 
128 2 2915^2 6 58 7 59 3 61 5 
33 2 312608 0 54 5 54 8 58 1 
127 2 332342 9 56 4 56 6 58 9 
126 2 369491 9 52 9 52 5 55 2 
53 2 372006 1 53 6 52 7 55 3 
140 2 388583 7 49 4 49 0 52 4 
49 2 416695 1 51 7 50 3 53 0 
167 2 311724 7 68 3 68 6 70 7 
169 2 256910 5 70 1 71 1 73 2 
168 2 247531 7 70 9 72 0 74 1 
170 2 210538 2 72 5 73 7 75 5 
171 2 175341 1 73 6 74 9 76 7 
172 2 138323 6 74 6 76 0 77 5 
64, 2 359893 3 13 S 9 7 20 5 
78 2 324178 9 14 9 7 0 17 2 
65 2 290 226 3 22 8 23 2 25 1 
66 2 257641 3 28 1 28 1 30 5 
67 2 195553 1 31 7 32 7 34 8 
83 2 187532 3 31 7 32 6 34 5 
68 2 146664 9 34 3 35 4 37 1 
82 2 149457 5 44 3 45 4 46 9 
69 2 151082 2 44 7 45 8 47 4 
77 2 158666 6 42 9 43 8 45 6 
81 2 174851 6 42 4 43 2 45 1 
76 2 206535 3 41 1 41 8 44 1 
80 2 216820 3 40 0 40 5 42 7 
79 2 243989 6 39 8 40 2 42 3 
75 2 251517 4 39 6 39 9 42 5 
74 2 290618 1 35 4 34 8 37 6 
73 2 326026 4 31 1 30 0 33 3 
72 2 405509 9 22 1 11 0 22 3 
71 2 413575 3 15 2 11 2 23 4 
84 2 415188 2 13 2 9 4 21 3 
85 2 335026 3 57 5 57 4 59 7 
60 a 328865 0 57 4 57 2 59 5 
61 2 282218 9 59 7 60 5 62 6 
TAB! '•  AX 1 ICON'TI 
IV 
INLET 
PRESSURE 
EXIT QUALITIES 
II III IV 
INLET QUALITY 
53 9 61 5 0 024 0 321 0.580 0 802 1 .006 
52 9 61 5 -0 014 0 241 0.527 0 769 1 .008 
53 1 61 5 0 036 0 295 0.552 0 804 1 .009 
49 6 61 5 0 018 0 269 0.539 0 778 1.011 
50 6 61 5 0 029 0 266 0.521 0 757 1 .013 
46 9 61 5 0 040 0 301 0.597 0 780 1 .011 
69 2 71 5 0 030 0 305 0.606 0 809 1 .000 
68 7 71 5 0 033 0 353 0.613 0 823 1 .001 
68 8 71 5 -0 002 0 278 0.597 0 796 1 .001 
67 3 71 5 0 029 0 289 0.561 0 791 1 .002 
65 9 71 5 -0 006 0 263 0.539 0 787 1 .005 
63 9 71 5 0 020 0 297 0.562 0 804 1 .005 
64 2 71 5 -0 006 0 258 0.536 0 780 1 .006 
62 0 71 5 0 003 0 285 0.554 0 787 1 .007 
61 9 71 5 0 020 0 291 0.557 0 791 1 .003 
60 5 71 5 0 040 0 301 0.566 0 781 1 .008 
60 2 71 5 0 024 0 295 0.560 0 778 1.010 
75 3 81 5 0 007 0 274 0.550 0 793 1 .004 
76 8 81 5 0 014 0 290 0.561 0 818 1 .001 
77 5 81 5 0 034 0 312 0.590 0 813 1 .002 
78 4 81 5 0 001 0 282 0.561 0 803 1 .001 
79 1 81 5 0 015 0 302 0.578 0 817 1 .000 
79 5 81 5 0 003 0 294 0.575 0 814 1 .000 
28 8 41 5 0 038 0 261 0 o550 0 704 1 .016 
29 6 41 5 0 026 0 294 0.514 0 727 1 .013 
33 2 41 5 0 032 0 298 0.548 0 761 1 .011 
35 4 41 5 0 030 0 311 0.540 0 773 1 .009 
38 1 41 5 0 007 0 309 0.575 0 791 1.014 
37 9 41 5 0 025 0 324 0.586 0 798 1 .006 
39 3 41 5 0 025 0 338 0.602 0 806 1 .003 
49 2 51 5 0 039 0 352 0.611 0 815 1 .002 
49 4 51 5 0 033 0 345 0.611 0 812 1 .003 
48 4 51 5 0 018 0 338 0.612 0 817 1 .001 
48 1 51 5 0 036 0 347 0.609 0 819 1 .003 
47 7 51 5 0 127 0 407 0.642 0 830 1 .003 
46 7 51 5 0 029 0 335 0«596 0 808 1 .005 
46 6 51 5 0 033 0 339 0.592 0 800 1 .007 
47 2 51 5 0 031 0 327 0.584 0 793 1 .006 
43 9 51 5 0 039 0 326 0.5 76 0 790 1 .008 
41 5 51 5 0 037 0 317 0.562 0 778 1 .011 
37 0 51 5 0 032 0 306 0.504 0 730 1 .014 
35 8 51 5 0 039 0 257 0.467 0 704 1 .017 
36 2 51 5 0 028 0 246 0.454 0 695 1 .016 
64 7 71 5 0 007 0 293 0.556 0 781 1 .006 
64 6 71 5 0 032 0 312 0.573 0 783 1 .007 
66 8 71 5 0 013 0 314 0.574 0 789 1 .005 
U) 
N> 
00 
RUN TUBE MASS 
«  I f  FLUX 
EXIT PRESSURES 
II III 
TABLE: All .3 (CQN'T) 
IV 
INLET 
PRESSURE 
EXIT QUALITIES INLET 
II III IV QUALITY 
62 2 239194.7 6Î.9 62 7 64.7 67 9 71 5 
86 2 232149^6 62.2 63 0 64.8 68 0 71 5 
63 2 197775.4 63.4 64 4 66.2 68 8 71 5 
87 2 323266.5 11.8 7 2 16.9 29 6 41 5 
108 2 306006^3 16.3 14 5 18.3 30 3 41 5 
93 2 305355.0 13.7 9 2 18. 1 30 4 41 5 
88 2 293215.6 20 «2 18 9 22» 1 32 9 41 5 
89 2 237947.1 25. 1 25 2 28.0 34 8 41 5 
109 2 210654.3 29.0 30 0 32.3 36 9 41 5 
92 2 190677.9 30. 3 31 5 33.6 37 5 41 5 
90 2 188442.I 29. 2 30 5 33.1 37 5 41 5 
91 Z 134694.1 33o4 34 9 36.7 39 2 41 5 
94 2 384506.0 13.5 9 4 21.2 36 3 51 5 
95 2 356969.8 25. 1 23 7 26.7 38 7 51 5 
101 2 333288.1 27.6 26 9 29.9 40 1 51 5 
96 2 300847.6 32.9 33 3 35.9 43 1 51 5 
97 2 264607.9 36o6 37 4 39.9 45 3 51 5 
98 2 226501.0 39.4 40 6 42.9 47 1 51 5 
99 2 180647.2 41.2 42 6 44.6 48 0 51 5 
100 2 149585.9 43.3 44 7 46.5 49 2 51 S 
102 2 330039.3 55.0 55 5 58.2 64 2 71 5 
111 2 292742.3 57.3 58 1 60.7 65 6 71 5 
107 2 287344.7 57.6 58 6 61 .0 65 0 71 5 
103 2 273812.8 58. 1 59 2 61 .6 66 1 71 S 
104 2 227925.0 60.8 62 2 64.3 67 8 71 5 
105 2 187756=9 62o 1 63 6 65.6 68 6 71 5 
ISO 2 158677.0 63.4 64 9 66.6 69 2 71 5 
106 2 152670.3 63.6 65 1 66.8 69 2 71 5 
223 3 121324.3 25.5 27 6 31.6 37 0 41 S 
147 3 124308.4 25.0 26 9 30.5 36 7 41 5 
222 3 150087.6 17.9 20 6 26.6 35 2 41 5 
221 3 154506.1 14. I 17 5 24.5 34 2 41 5 
159 3 159920.5 15.0 16 8 22.7 33 4 41 5 
153 3 163271.7 12.8 14 7 21 .3 33 0 41 5 
220 3 169378.1 11.5 14 8 22.5 33 7 41 5 
158 3 141348.3 34.1 36 0 39.9 46 3 51 5 
146 3 146477.4 33.0 34 9 39.0 46 1 51 5 
152 3 180160.8 21.5 24 1 31 .2 42 9 51 5 
155 3 169568.4 19.0 21 7 29.6 42 8 51 5 
157 3 200349.6 13.4 16 5 26.1 40 6 51 5 
154 3 209561.6 13.2 15 6 24.9 40 6 51 5 
148 3 240911.8 13.9 17 4 29.5 48 0 61 5 
149 3 234177.4 16.7 20 2 31.6 48 8 61 5 
156 3 208776.9 28.4 31 3 39.1 51 8 61 5 
150 3 205459.6 29. 1 31 7 39,3 52 0 61 5 
166 3 198831.4 28.8 31 4 39.2 52 1 61 5 
022 
008 
032 
025 
037 
011 
003 
000 
047 
040 
025 
017 
030 
027 
006 
024 
031 
010 
016 
026 
027 
035 
034 
008 
018 
027 
020 
040 
021 
.007 
.027 
• 035 
019 
014 
015 
012 
002 
000 
009 
039 
013 
009 
024 
001 
•  004 
• 038 
335 
301 
346 
259 
285 
•  269 
.244 
.260 
314 
310 
294 
308 
284 
.283 
.283 
.290 
295 
272 
302 
311 
302 
.309 
.318 
.292 
.302 
.319 
.309 
332 
301 
.294 
.274 
•  277 
270 
247 
273 
291 
289 
•  267 
.255 
.264 
206 
223 
•  248 
•  258 
•  256 
•  292 
0^592 
0.579 
0 .601  
0.458 
0.515 
0.483 
0.503 
0.523 
0.567 
0.570 
0.556 
0.579 
0.507 
0^545 
0^540 
0^550 
0^557 
0^544 
0^562 
0^601  
0^563 
0,566 
0^576 
0^560 
0 ^566 
0.584 
0.572 
0.592 
0.593 
0.586 
0^558 
0^558 
0^522 
0.495 
0^522 
0.569 
0^565 
0.537 
0.514 
0.513 
0^461 
0^472 
0^498 
0^521 
0^534 
0.577 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
O 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
804 
797 
809 
710 
750 
731 
738 
769 
791 
792 
788 
807 
740 
771 
775 
782 
784 
778 
790 
796 
793 
795 
793 
787 
790 
803 
803 
808 
«21 
796 
799 
796 
769 
754 
777 
805 
802 
781 
762 
758 
733 
746 
759 
771 
785 
792 
•  004 
• 002 
• 003 
cOJ.4 
«0:13 
•oil 
.012 
• 008 
• 005 
• 004 
•  004 
•  013 
• 013 
• 013 
•  011  
• 009 
• 006 
• 004 
•002 
• 003 
• 006 
• 004 
•  005 
• 004 
•  003 
•  001  
• 000 
•  001  
• 002 
•002 
• 004 
• 003 
• 004 
• 012 
• 005 
• 002 
• 003 
• 003 
• 003 
• 004 
•  005 
• 005 
• 004 
•  003 
• 003 
• 003 
0 
ïFT 
145 
219 
144 
218 
143 
160 
142 
217 
216 
215 
141 
1 6 1  
162 
163 
165 
164 
187 
203 
202 
186 
201 
200 
165 
208 
211 
181 
209 
182 
210 
193 
212  
183 
194 
213 
184 
214 
180 
176 
179 
195 
178 
177 
173 
196 
174 
NIL ET 
Al. I TV 
7oo2 
.002 
• 000 
• 0 0 1  
•002 
•  0 0 1  
•003 
•  003 
• 004 
•  005 
• 006 
• 005 
• 0 0 1  
•  0 0 1  
• 002 
• 004 
• 006 
•004 
• 002 
•003 
• 005 
• 006 
• 009 
• 016 
• 010 
•009 
•  008 
•008 
•997 
• 005 
• 006 
• 005 
• 003 
•002 
• 003 
• 002 
•002 
• 998 
•  0 0 1  
• 003 
•  005 
•  005 
•  009 
•  004 
•  003 
• 002 
TUBE MASS (f FLUX 
EXIT 
I I 
•JABLi" AH .1 (CON'T) 
PRESSURES 
111 IV 
INLET 
PRESSURE 
EXIT QUALITIES 
II III IV 
3 178431 4 38.4 40 5 45 5 
3 146423 1 45.7 47 6 50 9 
3 154807 4 56. 0 50 2 62 0 
3 156473 4 55. 1 57 0 60 6 
3 175863 5 52.1 54 7 59 6 
3 186878 3 50.2 52 2 56 7 
3 195391 3 49,4 51 6 56 6 
3 2 20585 4 40.4 43 1 50 2 
3 229863 1 39.3 42 6 50 6 
3 267072 8 26.7 31 1 42 8 
3 208980 8 16.5 23 1 37 7 
3 290699 2 15.8 20 6 35 8 
3 172039 9 64.2 66 1 70 0 
3 192534 5 59.5 61 7 66 7 
3 237058 5 47.8 50 8 58 7 
3 288911 1 33.7 37 3 50 3 
3 324134 9 15.7 20 2 38 6 
4 109952 7 27.6 29 4 33 0 
4 135555 4 27*3 29 4 33 0 
4 154975 6 24.2 26 3 30 8 
4 163413 7 22.8 24 8 29 6 
4 178681 5 17. 1 20 0 26 2 
4 203097 8 10.4 13 7 21 9 
4 207906 4 12. 1 14 7 22 5 
4 263192 6 10.8 15 3 26 6 
4 256864 9 12.6 16 5 27 5 
4 246435 5 13.7 17 6 28 0 
4 242499 8 15.3 19 3 29 4 
4 226797 8 21.6 24 5 32 4 
4 213179 4 24*7 27 7 34 9 
4 212266 6 25.6 28 4 35 2 
4 191019 5 29.9 32 5 38 3 
4 181526 2 32*5 34 4 39 3 
4 163608 1 34.3 36 7 41 3 
4 159342 4 35.7 38 0 42 2 
4 150414 4 37o4 39 3 42 8 
4 138307 9 39*3 41 1 44 3 
4 151475 4 48.7 50 5 53 6 
4 170 234 3 44*3 46 5 51 3 
4 212037 3 40.0 42 4 47 9 
4 242490 8 31.8 35 1 43 2 
4 264068 9 27*4 30 6 39 3 
4 302432 9 14.5 18 8 31 6 
4 266216.4 43.4 45 9 52 7 
4 234639c 1 47.0 49 8 56 .3 
4 216345. 8 51 oO 53 3 58 .7 
54 
56 
67 
66 
66 
65 
65 
62 
62 
59 
57 
57 
76 
74 
71 
68 
63 
37 
37 
36 
36 
34 
32 
34 
42 
42 
42 
43 
43 
45 
44 
46 
46 
47 
47 
47 
48 
57 
56 
55 
54 
51 
47 
63 
65 
65 
61 
61 
71 
71 
71 
71 
71 
71 
71 
71 
71 
71 
81 
81 
81 
81 
81 
41 
41 
41 
41 
41 
41 
41 
51 
51 
51 
51 
51 
51 
51 
51 
51 
51 
51 
51 
51 
61 
61 
61 
61 
61 
61 
71 
71 
71 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
- 0 ^ 0 0 1  
0.003 
0^035 
0.007 
0^015 
- 0 . 0 1 1  
0.023 0.001 
0.003 
0.020 
0.035 
0.024 
0.021 
0.017 
0.017 
0.016 
0.016 
0.032 
0 . 0 1 1  
-0.006 
0.028 
0 . 0 1 8  
0.036 
0.030 
0.039 
0.020 
0.012 
0.025 
0.007 
0.038 0.012 
0.003 
-0.014 
0.036 
0.034 
0.030 
0.008 
0 .033 
0.024 
0.013 
0.003 
0.007 
0.008 
-0.013 
0.038 
0.004 
0 
0 
0 
0 
0 
0 
0 
277 
299 
312 
298 
297 
271 
_ .293 
0.266 
0.261 
0.247 
0^234 
0 ^ 2 1 1  
«•307 
0^306 
0.295 
0^259 
0^216 
0^301 
0^286 
0^257 
0.286 
0 .  254 
0.268 
0.246 
0 .  249 
0.244 
0 .224 
0.261 
0 , 3 5 5  
0^278 
0^264 
0^269 
«•241 
0^ 304 
0 • 305 
0.287 
0.286 
0.304 
0.310 
0.273 
0.265 
0.249 
0.216 
0^248 
0.306 
0 .  296 
0.562 
0.577 
0.603 
0.576 
0.591 
0 .550 
0.598 
0.544 
0.556 
0.535 
0.522 
0*504 
0.585 
0.577 
0,\558 
0.531 
0o475 
0.581 
0.  578 
0.ÏÎ53 
0 "!64 
0 u25 
0.504 
0.507 
0.506 
0.501 
0.488 
0.522 
0.520 
0.551 
0.543 
0.555 
0.527 
0-587 
0-586 
0.558 
0.595 
0.588 
0.583 
0.563 
0.538 
0.525 
0.465 
0.525 
0.581 
0.571 
0.806 
0.809 
0.822 
0.808 
0.823 
0.779 
0.801 
0.789 
0.809 
0.789 
0.781 
0.740 
0*308 
O^Sll 
0.789 
0.773 
0.753 
0.814 
0.819 0.800 
0.800 
0.772 
0.769 
0.770 
0.753 
0 .  754 
0.758 
0.769 
0.771 
0.790 
0.781 
0.789 
0.774 
0.812 
0.817 
0.789 
0.815 
0.817 
0.812 
0 .802  
0.783 
0.774 
0.738 
0.783 
0.807 
0.804 
RUN 
0 
TUBE MASS 
* FLUX I 
197 4 187931 1 55 1 
175 4 183511 3 56 2 
188 4 158040 3 59 0 
189 4 266116 6 53 9 
198 4 240 863 1 58 7 
190 4 217030 1 62 5 
204 4 208168 1 64 0 
199 4 198789 0 64 7 
205 4 182611 3 67 6 
191 4 177711 9 68 0 
206 4 155754 6 70 0 
192 4 156972 9 70 2 
20 7 4 166930 0 69 1 
261 5 117050 2 34 0 
252 5 128759 4 32 2 
271 S 146464 1 30 1 
257 5 156868 3 30 4 
253 5 164731 3 29 2 
256 5 192345 1 23 4 
255 5 222259 6 13 3 
254 5 232246 2 1 1 2 
243 5 117763 6 43 9 
270 5 133913 2 43 2 
250 5 14 3998 8 42 8 
248 5 167094 8 38 9 
247 5 185146 2 38 1 
246 5 225992 5 29 9 
245 5 251245 7 20 0 
249 5 264922 5 18 6 
244 5 264921 9 1 2 8 
242 5 130151 9 53 1 
241 5 155554 9 51 0 
240 5 169154 3 49 4 
239 5 184271 1 47 6 
237 5 209212 7 43 5 
236 5 240<62 4 37 5 
232 5 266851 5 32 7 
269 5 268786 1 33 4 
235 5 279209 8 27 6 
234 5 308417 9 18 9 
233 5 316746 8 13 6 
238 5 328589 6 12 2 
230 5 131003 4 63 6 
265 5 135386 1 64 8 
229 5 146304 6 62 7 
228 5 172723 1 60 8 
T A R I  E  A l  I  
EXIT PRESSURES 
II III IV 
5T 3 61 «7 67 4 
58 0 61 o8 67 0 
60 8 64.0 68 1 
57 3 64 o 5 74 5 
61 5 67.6 75 7 
64 8 69.5 76 4 
66 3 70.9 77 2 
67 1 71 .6 77 2 
69 6 73. 1 77 9 
69 9 73.4 78 1 
71 9 74.7 78 5 
71 7 74,6 78 5 
71 0 74.3 78 4 
35 3 37.5 40 1 
33 5 36.3 39 7 
32 1 34.9 38 9 
30 9 34.7 39 0 
30 4 33.8 38 6 
24 3 29.8 37 1 
15 5 23.6 35 0 
13 5 22.2 34 6 
42 8 46.5 49 1 
44 6 46 .6 49 6 
44 1 46.8 49 9 
37 9 43.0 47 6 
35 3 41.4 46 9 
25 3 34.8 44 3 
19 0 28.8 41 9 
21 1 29*9 43 2 
15 5 26.4 41 3 
53 5 56.5 59 1 
51 7 55. 1 58 4 
50 3 54.3 58 3 
40 4 52.7 57 4 
45 0 50.2 56 5 
39 5 45.9 54 7 
35 2 42.5 53 2 
35 6 42.7 54 1 
30 2 38.8 52 0 
22 3 33.0 49 3 
17 2 28.8 48 1 
16 0 28.8 47 3 
64 8 66.6 69 1 
66 1 67o9 70 2 
64 0 66.0 68 8 
62  ^ 2 64o7 68 3 
1 <rnN'T) 
INLE" 
PRESSURE 
EXIT QUALITIES 
II III IV 
INLET QUALITY 
71.5 
71.5 
71.5 
81.5 
81.5 
81.5 
81.5 
81.5 
81.5 
81.5 
81.5 
81.5 
81.5 
41.5 
41.5 
41.5 
41.5 
41.5 
41. 5 
41.5 
41.5 
51.5 
51.5 
51.5 
51.5 
51.5 
51.5 
51.5 
51.5 
51.5 
61.5 
61 .5 
61. 5 
61 .5 
61.5 
61.5 
61.5 
61.5 
61.5 
61.5 
61.5 
61.5 
71.5 
71.5 
71.5 
71.5 
0.029 0 317 0 596 0 814 1 .00 1 
0.002 0 298 0 579 0 811 1 .000 
0.024 0 306 0 593 0 818 1 .001 
0.023 0 288 0 567 0 806 1 .004 
0.010 0 279 0 570 0 820 1 .004 
0.002 0 282 0 574 0 808 1 .002 
0.039 0 306 0 588 0 826 1 .002 
0.009 0 294 0 588 0 823 1 .003 
-0.004 0 288 0 583 0 821 1 .002 
0.033 0 311 0 598 0 825 1.001 
0.025 0 308 0 597 0 825 1 .000 
0.019 0 309 0 594 0 819 1 .001 
0.035 0 322 0 60S 0 829 1 .001 
0.031 0 371 0 628 0 832 1 .003 
0.006 0 341 0 603 0 812 1 .002 
0.010 0 366 0 629 0 822 1 .004 
0.012 0 354 0 615 0 823 1 .005 
0.032 0 353 0 586 0 819 1.004 
0.011 0 338 0 585 0 796 1 .006 
-0.000 0 302 0 536 0 768 1 .009 
0.031 0 312 0 532 0 765 1 .009 
0.022 0 360 0 632 0 832 0.999 
0.014 0 379 0 655 0 837 1 .008 
0.019 0 351 0 602 0 816 1 .004 
0.041 0 383 0 634 0 829 1.001 
0.003 0 358 0 617 0 920 1 .002 
0.021 0 352 0 603 0 795 1 .005 
0.010 0 320 0 563 0 771 1 .007 
0.028 0 285 0 509 0 745 1 .007 
0.024 0 298 0 527 0 745 1 .008 
0.023 0 359 0 630 0 827 0.999 
0.003 0 337 0 616 0 831 1 .000 
-0.007 0 332 0 610 0 816 1 .001 
-0 .006 0 322 0 600 0 812 1 .005 
0.002 0 343 0 616 0 815 1 .002 
-0.007 0 329 0 603 0 807 1 .003 
0.025 0 323 0 578 0 795 1 .005 
0.011 0 335 0 588 0 789 1 .007 
0.035 0 339 0 606 0 803 1 .006 
0.021 0 292 0 540 0 769 1 .007 
0.018 0 271 0 524 0 754 1 .008 
0.031 0 257 0 486 0 726 1 .008 
0.020 0 366 0 643 0 853 a .000 
0.013 0 377 0 643 0 830 1 .002 
0 .003 0 351 0 635 0 832 0.999 
-0.008 0 343 0 630 0 831 1 .001 
LO 
W 
H 
RUN TUBE MASS 
0 « FLUX I 
231 5 184997 6 59 5 
266 5 185305 6 61 0 
227 5 196536 4 58 1 
268 5 210290 1 58 6 
225 5 229258 3 55 6 
224 5 267759 6 49 0 
226 S 276228 9 46 3 
267 5 279064 7 47 8 
258 5 142491 3 74 4 
264 5 146284 9 74 7 
272 5 152215 0 73 9 
262 5 161966 4 74 4 
261 5 182495 9 72 4 
260 S 189508 5 71 4 
297 6 155941 7 21 9 
296 6 171115 8 17 2 
312 6 174310 2 15 4 
295 6 176320 4 15 4 
298 6 180805 6 14 9 
311 6 182844 4 13 4 
294 6 1861:i>5 9 12 4 
299 6 190644 5 12 2 
288 6 2376/8 6 . 12 0 
293 6 237361 9 12 5 
308 6 229647 3 12 9 
289 6 227336 2 14 5 
290 <6 218150 1 18 0 
291 6 2 070130 6 20 6 
309 6 18 56(56 7 29 8 
310 6 151041 7 37 5 
287 6 122729 6 33 3 
281 6 283260 2 12 6 
262 6 2727:33 2 19 0 
283 6 245039 7 28 1 
284 6 223394 5 33 5 
285 6 185563 9 42 4 
307 6 176287 1 45 0 
286 6 138565 8 45 7 
273 6 364980 6 13 7 
274 6 315117 6 13 8 
275 6 3117:33 3 21 0 
276 6 2773:30 S 31 4 
280 6 242749 1 42 3 
306 6 235260 1 46 9 
277 6 223713 9 46 1 
278 6 197775 0 51 4 
TABLE All .3 (CON'Tl 
EXIT PRESSURES INLET 
II III IV PRESSURE 
EXIT QUALITIES INLET 
II III IV QUALITY 
60 
62  
59 
60 
57 
51 
48 
49 
74 
76 
75 
75 
73 
73 
24 
19 
1 6 
18 
\l 
15 
15 
15 
16 
17 
18 
21 
23 
31 
39 
35 
17 
22 
30 
35 
44 
46 
47 
19 
20 
25 
34 
45 
49 
48 
53 
9 63 7 67 8 71 5 -0.007 0 333 
6 65 3 69 3 71 5 0.025 0 369 
8 62 9 67 4 71 5 -0.005 0 338 
1 63 6 68 5 71 5 -0.014 0 335 
3 60 8 66 5 71 5 0.007 0 335 
0 56 1 64 4 71 5 0.036 0 341 
3 54 0 63 9 71 5 0.024 0 337 
8 55 6 65 0 71 5 0.035 0 358 
1 77 8 80 1 81 5 —0.007 0 348 
0 77 8 80 1 81 5 0.021 0 371 
2 77 3 79 9 81 5 0.027 0 386 
8 77 6 80 2 81 5 0.027 0 374 
9 76 4 79 7 81 5 0.024 0 368 
1 76 9 79 6 81 5 0.027 0 371 
0 29 3 35 9 41 5 -0.000 0 301 
6 2<i> 1  34 5 41 5 0.004 0 291 
7 26 6 35 4 41 5 0.035 0 312 
1 25 3 34 4 41 5 -0.008 0 277 
9 25 3 34 5 41 5 0.015 0 284 
7 2 El 6  35 5 41 5 0.030 0 289 
0 23 3 33 7 41 5 -0.017 0 256 
5 24 2 34 4 41 5 0.000 0 259 
6 27 3 41 5 51 5 0.003 0 243 
0 27 4 41 5 51 5 0.009 0 263 
2 2^1 4 42 9 51 5 0.040 0 298 
3 29 2 42 1 51 5 —0.006 0 262 
1 30 3 42 6 51 5 0 .026 0 299 
7 32: 7 43 5 51 5 0.023 0 303 
8 37 7 45 6 51 5 —0.006 0 300 
4 43. 3 48 2 51 5 0.035 0 343 
7 40. 5 47 0 51 5 0.008 0 319 
4 32. 1 49 0 61 5 -0.018 0 225 
6 35. 3 50 0 61 5 0.017 0 280 
9 40. 1 52 4 61 5 -0.017 0 268 
9 43. 4 53 7 61 5 -0.005 0 289 
5 49. 5 56 2 61 5 0.006 0 319 
9 51 o •5 57 3 61 5 0.011 0 322 
7 51 o 7 57 0 61 5 -0.001 0 311 
5 34o 5 56 1 71 5 0.035 0 245 
3 38o 8 57 5 71 5 0.034 0 265 
6 41o 6 59 4 71 5 0.037 0 291 
3 46 o 0 60 7 71 5 -0.012 0 291 
2 53c 0 63 2 71 5 0.026 0 307 
2 56 o 2 65 2 71 5 0.013 0 311 
5 55 o 5 64 6 71 5 0.002 0 327 
5 58. 8 65 9 71 5 0.019 0 336 
0.607 
0.630 
0.613 
0.600 
0.611 
0.606 
0.606 
0.599 
0.624 
0.635 
0.657 
0.639 
0.630 
0.632 
0.539 
0.518 
0.537 
0.506 
0.500 
0.512 
0.481 
0.475 
0.470 
0.476 
0.524 
0.489 
0.525 
0.531 
0.549 
.588 
.565 
.  .446 
0.506 
0.518 
0.535 
0.564 
0.569 
0.563 
0.455 
0.503 
0.524 
0.526 
.548 
.559 
0.576 
0.585 
0 0  
0  
0 
0 
0 .818  
0.822 
0.824 
0.806 
0.831 
0.827 
0.814 
0.808 
0.834 
0.827 
0.835 
0.831 
0.825 
0.823 
0.776 
0.760 
0.765 
0.758 
0.747 
0.749 
0.744 
0.730 
0.739 
0.740 
0.780 
0.750 
0.761 
0.777 
0.782 
0»808 
0.804 
0.733 
0.757 
0.768 
0.783 
0.802 
0.797 
0.80 1 
0.736 
» 764 
.769 
.783 
.793 
.794 
.800 
0.810 
0 .
0 
0< 
0 ,  
0 
0. 
f t  
279  
301  
313  
304  
30  5  
30  2  
314  
303  
433  
434  
439  
435  
436  
438  
437  
426  
427  
428  
429  
430  
431  
432  
322  
323  
418  
420  
324  
421  
325  
422  
326  
424  
327  
328  
425  
315  
410  
317  
41  1  
412  
31  8  
413  
329  
414  
319  
415  
AL IT 
• 000 
. 005  
•  003  
•  003  
•  0 0 1  
• 002 
•  003  
• 000 
• 006 
•  005  
•  004  
•  004  
•  003  
• 002 
• 002 
.001  
• 000 
•  003  
•  004  
•  005  
•  005  
•  006 
• 008 
•  007  
•  006 
•  004  
•  005  
o003  
«005  
o003  
, ,003  
,002 
»002 
«000 
oOOl 
«008 
. 007  
«005  
, ,005  
. ,004  
<>004  
, 00  3  
004  
• 002 
• 002 
•  003  
TUBE 
0 
MASS 
f-LUK 
lABLE Ai 1.3 (fON'T) 
EXIT PRESSURES INLET 
I I  I I I  I V  P R E S S U R E  
EXIT QUALITIES 
I I  I I I  
6  177152 .8  55 .2  
6  326901 .0  39 .7  
6  270321 .2  48 .6  
6  260537 .0  53 .4  
6  241194 .5  58 .5  
6  2  34  346 .4  61 .4  
6  227687 .1  60 .3  
6  197542 .6  65 .2  
7 232752o4  10 .9  
7  200398 .3  13 .7  
7  198086 .1  13 .2  
7  193028 .1  15 .9  
7  170093 .6  18 .9  
7  158128 .1  24 .0  
7  144120 .6  26u2  
7  145930 .9  38 .3  
7  162480 .4  36 .0  
7  188878 .6  31 .1  
7  224015 .1  23 .6  
7  2  33304 .8  22 .9  
7  2*5421 .4  14 .9  
7  256224 .4  11 .9  
7  324555 .3  14 .5  
7  311080 .5  17 .6  
7  304919 .7  14 .6  
7  266325 .2  28 .7  
7  266082 .2  30 .3  
7  249669 .3  32 .3  
7  248971 .1  34 .2  
7  238768 .4  36 .8  
7  208546 .8  41 .1  
7  193907 .6  43 .1  
7  183160 .8  45 .0  
7  16862SI .1  47 .3  
7  168561 .8  46 .7  
7  386521 .6  20 .4  
7  362653 .3  14 .8  
7  310616 .9  36 .2  
7  309915 .9  35 .7  
7  297216 .1  38 .1  
7  278889 .8  42 .3  
7  272185 .9  43 .0  
7  267782 .3  46 .9  
7  244601 .0  47 .6  
7  234190 .8  49 .7  
7  223509 .4  51 .1  
57  .2  61  .2  66  8  71 .5  
42  9  54 .9  70  3  81 .5  
52  5  62 .4  73  8  81 .  5  
56  1  63 .8  73  9  81 .5  
60  7  66 .9  75  4  81 .5  
63  5  68  .  8  75  9  81  . 5  
62  3  68 .  1  76  1  81 .5  
67  1  7  1 .3  77  I  81 .5  
1  1  7  20 .4  31  1  41 .5  
15  2  23 .0  32  7  41 .5  
15  1  23 .2  32  9  41 .5  
17  3  24 .1  33  0  41 .5  
20  4  26 .3  34  0  41 .5  
25  7  30 .1  35  7  41 .5  
27  9  31  . 8  36  8  41 .5  
40  0  43 .3  47  3  51 .  5  
37  8  41 .8  46  6  51^5  
33  2  38 .5  44  9  51^5  
25  3  32 .8  42  5  51^5  
24  6  31  .9  41  3  51 .5  
17  4  27 .8  40  1  51 .5  
13  8  2  5 .5  39  1  51 .5  
13  7  28 .4  46  5  6J ,  . 5  
17  7  30 .9  47  3  61 .5  
15  5  30 .7  46  9  61 .5  
30  2  38 .8  50  0  61 .5  
31  4  39 .4  50  7  61 .5  
33  8  41 .4  51  3  61 .S  
35  7  42 .6  52  4  61 .5  
38  2  44 .7  53  0  61 .5  
42  9  47 .9  54  9  61 .5  
44  9  49 .5  55  4  61 .5  
46  6  50 .7  56  2  61 .5  
48  9  52 .3  57  0  61 .5  
48  4  52 .1  56  7  61 .5  
18  9  33 .3  53  4  71  . 5  
15  0  33 .0  52  8  71 .5  
37  1  45 .8  58  9  71 .5  
36  9  46 .0  59  0  71  . 5  
39  2  47 .5  59  2  71 .5  
43  6  50  0 7  61  2  71 .5  
44  2  51  .4  61  5  71 .5  
48  3  54 .3  63  2  71 .5  
49  2  55 .1  63  3  71 .5  
51  4  56 .8  64  3  71 .5  
52  7  57 .8  64  6  71 .5  
0  .010  0  315  0 .565  
-0  .000  0  260  0 .486  
0  .038  0  322  0 .565  
0  .030  0  305  0 .546  
0  .016  0  306  0 .550  
0  .020  0  314  0 .555  
0  .003  0 316  0 .573  
0  .016  0 314  0 .561  
0  .029  0 293  0 .513  
-0  .001  0 282  0 .518  
0  .016  0 296  0 .540  
-0  .002  0 286  0 .530  
0  .000  0 298  0 .550  
0  .032  0 344  0 .598  
0  .040  0 354  0 .613  
0  .040  0 346  0 .600  
0  .029  0 336  0 .588  
0  .022  0 325  0 .568  
-0  .019  0 276  0 .528  
-0  .006  0 285  0 .532  
0  .039  0 308  0 .537  
0  .033  0 282  0 .510  
-0  .014  0 230  0 .460  
-0  • Oil  0 257  0 .491  
-0  •  017  0 266  0 .500  
0  •  031  0 315  0 .551  
0  •  025  0 323  0 .579  
-0  •  003  0 297  0 .548  
0  •  034  0 327  0 .574  
0  .008  0 312  0*560  
-0  .001  0 321  0 .580  
0  .022  0 327  0 .586  
0  .009  0 330  0 .601  
0  .002  0 343  0 .609  
0  .010  0 329  0 .588  
-0 .010  0 238  0 .453  
-0  .010  0 244  0 .487  
0  .027  0 323  0 .568  
0  .024  0 313  0 .571  
0  .031  0 323  0 .580  
0  .018  0 320  0 .574  
-0  .016  0 290  0 .557  
0  .042  0 320  0 .565  
0  .017  0 333  0 .590  
c  .009  0 323  0 .583  
0  .040  0 355 0 .606  
RUN TUBE M%SS^ 
0 tt  FLUX 
•TABl 
EXIT PRESSU 
I  I I  I I I  
320 7 205677.7 54.2 55 9 60. 
416 T 199648,7 54.3 55 7 60. 
321 7 167435,6 57.9 59 6 63. 
441 7 239738o3 60 n 5 62 3 67. 
442 7 227637o5 62.5 64 0 68. 
443 7 206701.1 64.9 66 5 70. 
444 7 184598.2 67.0 68 8 72. 
445 7 161071.1 69.2 70 9 74. 
395 8 193537.9 11.9 14 2 21 .  
396 8 174130.6 18.3 20 3 26. 
397 8 170430.7 19.0 21 0 26. 
398 8 155581o4 23.0 24 9 29. 
399 8 146808.0 25.4 27 2 31. 
401 8 133226.0 27.8 29 5 33. 
388 8 142424.7 38.2 40 0 43 .  
389 8 155966.0 37.2 39 0 42. 
390 8 177856.6 32.2 34 1 38.  
391 8 185199.3 30.9 32 9 37. 
392 8 198771.4 26.3 28 8 35. 
393 8 214780.6 22. 1 24 7 32. 
394 8 237365.9 13.2 15 8 26. 
382 8 286044.0 13.7 16 9 30. 
383 8 270191.9 20.8 23 2 34. 
384 8 243446.7 28.7 31 0 39. 
385 8 232485.9 33.2 35 3 42. 
386 8 202087.9 38.0 39 9 45. 
387 8 178783.9 43.2 45 1 49.  
381 8 169575.4 45.6 47 7 51 .  
380 8 150582.0 49.2 50 7 53 .  
373 8 285035.4 30.9 33 4 44. 
374 8 269646.7 35.5 38 4 47. 
375 8 252049.4 40.4 43 3 51 .  
376 8 221454.6 47.9 50 1 55.  
377 8 203523.3 51.5 53 7 58. 
378 8 181357.3 54.6 56 8 61 « 
379 8 161066.7 58.6 60 4 63. 
40 3 8 336195.4 31.8 34 5 47. 
404 8 251435.9 52.0 54 4 61 .  
405 8 237108.6 59.4 61 5 66. 
402 8 226806.7 58. 1 61 0 66 .  
406 8 217734.6 63.2 65 2 69. 
407 8 192806.0 65.7 67 5 71 .  
40 8 8 176198.6 68o3 70 0 73. 
409 a 157438.7 69.8 71 4 74. 
2 
0 
0 
5 
7 
7 
4 
0 
6 
0 
4 
3 
2 
0 
3 
6 
7 
8 
2 
1 
1 
5 
0 
1 
5 
4 
S 
6 
8 
0 
8 
6 
9 
8 
0 
5 
5 
4 
8 
9 
5 
2 
1 
2 
A l l .  T f CON T ) 
INLET EXIT QUALITIES INLET 
IV PRESSURE I XI I I I  IV QUALITY 
65.9 71 5 0 026 0 346 0.607 0.826 1 .002 
65.6 71 5 0 021 0 346 0.606 0.827 1.001 
67.4 71 5 0 021 0 350 0.613 0.827 1 .001 
74.4 81 5 -0 014 0 310 0.564 0.802 1 .001 
74.9 81 5 -0 008 0 309 0.575 0.806 1 .000 
76.0 81 5 0 036 0 352 0.596 0.818 1 .000 
76.9 81 5 0 028 0 348 0.600 0.818 1 .000 
77.7 81 5 0 027 0 359 0.613 0.830 1.000 
31 .9 41 5 0 036 0 312 0.564 0.804 1 .005 
34.0 41 5 -0 019 () 290 0.562 0.801 1 .003 
34.2 41 5 0 018 0 321 0.582 0.804 1 .003 
35.5 41 5 -0 018 0 312 0.581 0.818 1 .002 
36.3 41 5 0 031 0 357 0.621 0.836 1 .002 
37.1 41 !5 0  022 « 360 0.632 0.843 1 .000 
47.2 51 5 0 007 0 364 0.645 0.857 1 .001 
47.1 51 5 0 054 (> 387 0.659 0.857 1.002 
45.1 51 5 0 016 « 328 0.564 0.816 1 .003 
44.7 51 5 0 006 0 317 0.588 0.820 1 .003 
43.9 51 5 0 034 0 337 0.597 0.826 1 .004 
42.1 51 5 0 007 0 308 0.561 0.805 1 .004 
39.9 51 5 -0 005 0 276 0.516 0.787 1 .005 
47.2 61 5 0 010 0 262 0.51 1 0.776 1 .007 
49.0 61 5 0 012 0 300 0.547 0.791 1 .006 
50.8 61 5 0 001 0 317 0.594 0.821 1.004 
52.5 61 5 0 Oil  0 334 0.602 0.832 1 .004 
53.5 61 5 0 034 0 358 0.623 0.844 1 .003 
55.6 61 5 -0 018 0 329 0.615 0.838 1.002 
56.6 61 5 0 037 0 380 0.648 0.849 1 .000 
57.6 61 5 0 029 0 381 0.650 0.849 1.001 
58.9 71 5 0 033 0 348 0.618 0.833 1 .005 
60.5 71 5 0 024 0 344 0.617 0.834 1 .005 
62.3 71 5 0 030 0 357 0.632 0.842 1.003 
63.9 71 5 0 020 0 36 3 0.640 0.846 1 .002 
65.4 71 5 0 029 0 374 0.648 0.853 1.002 
66.3 71 5 0 028 0 381 0.657 0.853 1 .001 
67.4 71 5 0 031 0 383 0.654 0.853 1 .001 
66.9 81 5 0 034 0 316 0.572 0.812 1.005 
72.0 81 5 0 004 0 324 0.602 0.822 1 .002 
74.3 81 5 0 001 0 339 0.611 0.836 1 .002 
74.5 81 5 0 032 0 367 0.633 0.848 1 .002 
75.7 81 5 0 039 0 371 0.635 0.845 1 .001 
76.4 81 5 0 006 0 350 0.635 0.846 1 .001 
77.3 81 5 0 014 0 360 0.635 0.846 1 .000 
77.8 81 5 0 014 0 369 0.642 0.852 1 .000 
TABLE Al 1 .4 
REDUCED DATA-ENERGY TRANSFERS 
UNITS AS APPROPRIATE :  
BTU/HR 
BTU/HR SQ FT 
RUN TUBE 
0 if I 
HEAT FLUXES 
I I  III IV 
TEST 
FLUID 
ENERGY TRANSFERS 
TEST AFTER TOTAL ERROR 
CONDENSER CONDENSER COOLANT % 
1 IT 
41 
43 
1  16  
11» 
24 
114 
113 
21 
57 
112 
1 1 8  
125 
17 
18 
124 
19 
123 
1 6  
29 
122 
38 
1 2 1  
22 
120 
37 
119 
131 
138 
132 
137 
136 
30 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
130171.8 
136225,5 
152004.9 
178181,5 
206581.9 
214791.4 
246512.7 
291318.5 
260368.4 
266738.C 
245408.3 
139326.4 
157171.5 
1824114,3 
190790, 1 
181484.7 
228413.8 
210510.4 
255982.3 
255686,1 
268714.8 
2731375.2 
299697.9 
279282.5 
338642.1 
348194.1 
316416.6 
144795.8 
150854.8 
180253.8 
180 257.3 
208507.4 
257536.1 
144997.3 
137946.0 
138475.0 
177952.7 
206958o5 
276022«3 
249352.6 
276219.5 
270842.8 
280156.1 
378215.3 
159173.7 
146377.3 
155437.6 
200 534.5 
201421.8 
216523.0 
237715,8 
242186.1 
2694 52.6 
260553.7 
265348.5 
30 2512.2 
324732.6 
334969.8 
290138.9 
345481.3 
149996.3 
158540.5 
180838.4 
183875.8 
251723.5 
244564.6 
.87054.0 
123786.6 
116687.5 
149699.6 
179145.6 
197387.4 
222110.3 
253684.2 
276513.9 
288715.5 
246836.5 
86219.2 
130847.0 
129847.4 
123650.1 
169554.5 
197092.8 
200733.0 
237481.9 
220151.9 
236641.0 
241843.4 
267998»I 
283315.1 
315371.3 
352067.8 
360612. 1 
124777.8 
122895.8 
145373.6 
149905.7 
149365.8 
198790 .  1 
98459 2 244464 8 196814.7 55149 .2 251963 8 
1162197 4 270934 9 219706,7 42194 .1 261900 8 
121558 3 274352 7 225902.4 41275 .3 267177 8 
135584 9 336327 8 274012,5 73800 .6 347813 1 
162911 2 390989 4 322796,2 79766 e 1 402562 3 
20 3908 6 465573 4 381145.9 102207 .4 483353 4 
221387 8 462169 8 401353o4 75064 .3 476417 7 
283716 3 546350 2 472167.4 89953 .9 562121 3 
320073 8 558368 1 482005.» 1 77937 .6 559942 6 
347129 9 584399 5 505517.4 73481 .  1 578998 4 
395073 0 626546 3 540987a0 87266 .5 628253 5 
92619 8 254174 0 203907«1 58347 .7 262254 8 
104078 9 2 89608 6 230007,,  1 64956 .1 294963 3 
1002:57 9 303210 5 242581..5 67695 .3 310276 8 
1043143 6 333176 6 264509^6 77685 ,1 342194 7 
151037 1 370721 6 300533.0 83960 .9 384493 9 
1590 39 9 427855 3 342182.8 100167 .9 442350 8 
185652 1 439671 9 356561,5 94 390 . .3 450951 8 
214980 9 480997 7 406138.3 68348 « 1 474486 4 
2013 08 0 496180 8 404386.3 100195 .9 504582 2 
2 32 896 8 5119066 5 426745.6 92613 .2 519358 8 
221610 7 522620 3 428322.1 94678 .8 523C00 9 
280027 0 584874 0 491562.8 97431 .3 588994 1 
291198 4 616882 8 503567.2 139279 ,3 642846 5 
342483 5 669405 3 568962.4 103204 .0 672166 4 
382619 6 691260 8 586877.3 109222 .3 696099 6 
452054 6 732374 3 630297.1 105933 • 8 736230 9 
105990 9 288243 7 224502.4 70217 .3 294719 6 
104787 6 289621 9 229415.i  72472 .6 301887 8 
1242 81 8 337750 4 269430»1 80711 .7 350141 8 
131507 8 349171 9 275762.3 83292 .0 359054 3 
164065 8 417501 3 330519.7 87628 .3 418148 0 
214384 6 490282 2 391070.3 117031 • 1 508101 4 
3.0 
—3.4 
-2.7 
3.3 
2.9 
3.7 
3.0 
2 . 8  
0.3 
-0.9 
0.3 
3.1 
1  , 6  
2,3 
2 . 6  
3.6 
3.3 
2.5 
— i  . 4  
1.7 
0 . 1  
0 . 1  
0.7 
4.0 
0.4 
0 .7 
0.5 
2 . 2  
4.1 
3.5 
2 . 6  
0.2 
3.5 
RUN 
0 
135 
55 
134 
47 
133 
27 
48 
139 
54 
130 
129 
128 
33 
127 
126 
53 
140 
49 
167 
169 
168 
170 
171 
172 
64 
78 
65 
66 
67 
83 
68 
82 
69 
77 
81 
76 
80 
79 
75 
74 
73 
72 
71 
84 
85 
60 
% 
. 0  
•  9 
• 2 
• 6 
• 6 
• 5 
•  9 
•  4  
• 3 
•  9 
«5 
«e 
• 2 
• 1 
• 1 
• 2 
• 0 
• 3 
.5 
• 2 
.7 
• 2 
• 5 
. 2  
• 9 
•  4  
• 0 
# 8 
. 4  
• 6 
. 6  
• 6 
•  4  
• 9 
• 2 
» 6 
• 2 
• 8 
• 9 
• 1 
• 5 
.7 
• 0 
.7 
.6 
.5 
TUBE 
I f  
HEAT 
II 
FLUXES 
III 
All «4 CCQN'T) 
IV 
TEST 
FLUID 
TEST 
CONOENSIER 
AFTER 
CONDENSER 
TOTAL 
COOLANT 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
Î» 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
;;;46868. 3 
id 8975. 4 
299156.0 
:i l06071.6 
340570.7 
;i l24156.4 
;i l78652.9 
151012.9 
200363.0 
176475.4 
2111714.8 
273053.1 
:i02538. 8 
306343.6 
363549.7 
350 391.9 
3553711,4 
393955..  4 
287298»0 
244999o9 
237502»8 
204437,,4 
173884«4 
138416»2 
277108.8 
282944.6 
280904.9 
260382.9 
212998.4 
201228.5 
164461.0 
165719.9 
166884. 1 
180013.1 
192829.8 
204909.6 
235843.9 
264692.8 
264285.9 
296633.7 
324760.6 
3592 84.1 
311741.7 
311360.3 
332626.1 
320989.6 
271726 
280798 
338052 
3069421 
373232 
358870 
448484 
165111 
16324] 
201255 
222772 
201396 
292393 
324694 
351260 
349419 
366361 
390602 
298353 
241236 
237663 
202186 
166916 
134213 
422029 
305980 
265567 
215487 
187423 
177402 
138911 
137237 
142519 
154412 
163034 
173263 
202065 
221085 
231564 
262486 
292407 
335480 
364081 
369684 
309691 
299956 
230259 
242967 
288656 
302130 
333963 
335723 
2838 30 
110851 
131485 
125769 
187324 
254303 
266864 
285417 
305410 
308492 
298333 
323979 
264169 
228219 
191018 
176391 
144464 
113437 
216080 
272682 
232520 
219785 
153035 
143799 
107682 
1 0 8 2 2 1  
107572 
115610 
130420 
138882 
164495 
1 8 1 6 1 2  
188518 
225500 
259065 
356137 
377020 
389938 
265166 
244179 
216(177 
217976 
279Si27 
2413168 
3192:99 
354164 
341564 
104048 
1106 23 
128199 
171077 
219799 
219314 
260469 
283903 
275640 
308571 
339258 
225756 
161604 
160726 
142031 
109520 
87704 
409587 
338205 
262188 
218404 
154700 
138804 
102539 
97739 
100 680 
102 936 
113058 
125966 
150859 
178502 
188596 
226339 
271365 
417672 
468080 
482299 
261341 
2 55384 
9 521098.9 
4 561882.8 
7 613095.1 
9 615939.6 
8 711231.4 
4 725998.1 
3 753831.9 
9 291862.7 
4 333283.0 
3 334362.6 
5 429734.2 
2 535620.8 
6 582735.8 
3 612999.5 
6 680616.6 
9 681669.6 
9 714141.8 
1 768146.8 
5 573668.5 
7 472773.9 
8 454314.5 
3 389749.6 
7 325013.3 
1 256371.1 
4 665440.3 
3 598542.8 
8 533650.3 
0 473850.9 
8 361675.2 
1 344821.3 
3 269712.2 
1 275638.4 
3 278667.4 
6 292724.4 
5 321563.6 
8 379701.6 
5 398614.5 
5 448805.6 
5 460827.6 
6 534049.9 
0 600092.5 
1 750344.3 
6 764271.0 
9 76820 3.3 
1 617643.3 
5 605989.0 
412586»8 
453127,1 
514998,1 
4940 32.8 
584084»8 
586665 » 5 
620632»9 
226835»1 
2S8808o8 
2698 55»1 
338726o6 
439392o3 
461816»1 
502802»1 
557141«9 
548504»3 
5676710 I 
618626o7 
459470o5 
374173o8 
353217o5 
309704»5 
254044o8 
2023S9«0 
566337»3 
512787o0 
444912»3 
390555»1 
302547»3 
282484.7 
219400«2 
217391*9 
221128.5 
236202*0 
256010.6 
274681.1 
321781.4 
361377.6 
372995.9 
431924.6 
490556.8 
627657.1 
650112.0 
663951.8 
499365.6 
478742.1 
103439 
98473 
105409 
106!) 17 
122688 
143)53 
139(195 
72 103 
63342 
78060 
93163 
100)70 
146419 
110 309 
123065 
118647 
133969 
124634 
111305 
97679 
93390 
75484 
63055 
48427 
74427 
71675 
78480 
70465 
57547 
53606 
48811 
48701 
45881 
50994 
58521 
65656 
76221 
79474 
83710 
86065 
100595 
961 13 
106961 
99236 
113366 
112390 
516025 
551600 
620407 
600550 
706773 
729719 
760528 
298938 
322650 
347915 
432090 
539962 
608235 
613311 
680207 
667152 
701640 
743261 
570775 
471853 
446607 
385189 
317100 
250785 
640764 
584462 
523392 
461020 
360095 
336091 
268211 
266093 
267009 
287196 
314531 
340337 
398002 
440851 
456706 
517990 
591151 
723771 
757073 
763188 
612731 
591132 
9 
8 
2 
0 
6 
1 
8 
4 
8 
7 
4 
3 
1 
3 
3 
0 
3 
6 
8 
2 
8 
1 
1 
9 
4 
1 
9 
4 
2 
6 
3 
8 
5 
0 
6 
4 
8 
6 
7 
4 
9 
1 
6 
6 
9 
4 
JLAfilLi'  At 1 .4 CrON' T) 
HEAT FLUXES 
0 Hf I II  I I I  
61 2 296037 1 2S5599 4 213461 1 
62 2 260590 5 214095, 8 177384 4 
86 2 248957 5 224771 0 177151 8 
63 2 2115663 3 175665. 8 143045 5 
87 2 257307 1 278416 7 3*9332 7 
108 2 271673 8 269BOS 0 279191 1 
93 2 271906 9 271953 7 294183 1 
88 2 259736 0 284798 8 263158 0 
89 2 223576 4 2299 31 5 216268 9 
109 2 203220 5 193701 7 171920 9 
92 2 1,85481 0 179311 0 154082 0 
90 2 1.83305 6 17928(1 4 158862 9 
91 2 1.40876 2 131403 4 110341 2 
94 2 330914 3 361291 9 349985 4 
95 2 327338 4 343811 4 305582 2 
101 2 331135 2 31 361 €1 1 291788 1 
96 2 286988 0 282253 8 255058 8 
97 2 249163 5 248901» 0 216447 2 
98 2 Î520043 8 2195321 8 189791 0 
99 2 Jl 84270 9 166887 8 146953 3 
100 2 1151522 4 15400T r 103681 9 
102 2 317410 3 302 896 9 268098 8 
111 2 280296 5 2641 3Si 7 235399 7 
107 2 284948 5 25945$ 8 219313 1 
103 2 271425 8 257209 2 217863 4 
104 2 226718 4 209929 0 178762 6 
105 2 191278 8 173067 6 143625 0 
110 2 159765 8 1450 If) 1 127175 3 
106 2 :l 54952 0 13785:1 5 1150 53 4 
223 3 119976 1 125290 5 97610 5 
147 3 125864 4 128342 0 92812. 9 
222 3 134339 6 15440;; 6 130246» 1 
?21 3 138432 5 159874 2 134008. 1 
X59 3 145641 1 148497 5 144926. 5 
153 3 139508 6 151732 0 156233. S 
220 3 163185 6 159137 6 158831. 5 
158 3 137444 6 136776 3 116608. 7 
146 3 148518 4 141338 1 121621. 6 
152 3 172001 5 176145 6 158106. S 
155 3 168755 6 180506 8 170074. 6 
157 3 167140 9 189014 0 1800 57. 8 
154 3 169407 6 203208 4 210436. 5 
148 3 192496 2 229646 0 241773. 8 
149 3 192459 3 22 0894 7 221999. 8 
156 3 191097 6 197127 5 185065. 8 
150 3 188432 1 203884 0 182213. 1 
KV 
TEST 
FLUID 
TEST 
CONDENSER 
AFTER 
CONDENSER 
TOTAL 
COOLANT 
ERROR 
X 
209 971 1 519373 2 416571. 1 95868 5 512439 6 -1 4 
165038 6 44070 3 1 349060. 4 86241 5 435301 9 -1 2 
163938 8 428355 3 348077, 0 77989 7 426066 7 -0 5 
132 274 4 365733 5 2 84788. 7 72932 1 357720 8 -2 2 
357769 8 598128 5 518367. 5 89095 3 607462 8 1 5 
293400 4 564684 2 476074. 3 92 558 3 568632 6 0 7 
311930 7 563930 1 491438. 0 79674 3 571112 3 1 3 
289884 8 541132 2 468902. 8 85996 4 554899 2 2 5 
2051151 1 438591 6 373813. 9 76751 6 450565 5 2 7 
161236 6 386580 0 311907. 4 77437 3 389344 7 0 7 
1441136 6 350485 5 283248. 4 74646 0 357894 4 2 1 
145>!132 8 347154 9 284775. 6 69439 4 354215 0 2 0 
96027 7 249468 4 205324. 4 54 291 9 259616 2 3 9 
380673 8 711636 2 611461» 6 104589 6 716051 2 0 6 
311709 3 659760 9 550520» 3 102461 3 652981 6 -1 0 
282:718 6 615102 3 520930 8 102659 0 623589 8 1 4 
24:1304 3 553202 2 456123 1 95174 8 551297 9 -0 3 
208818 5 486210 5 394484 1 89897 9 484382 0 -0 4 
180810 3 416337 7 349546 7 85309 8 434856 5 4 3 
1341312 6 331764 3 270389 4 72556 6 342946 0 3 3 
108:167 9 275807 4 221029 2 63210 1 284239 2 3 0 
24 ST 1 6 3 60 8059 9 483651 4 115949 3 599600 8 -1 4 
21 1 (540 0 539932 4 423559 8 108660 9 532220 7 -1 4 
210765 7 528615 0 416317 9 104132 6 520450 5 — l  6 
205!>91 0 503973 3 406746 4 104543 5 511289 9 1 4 
16T015 4 419436 3 333832 2 89291 0 423123 2 0 9 
128238 8 345586 5 271775 8 83501 4 355277 2 2 7 
10'('676 0 293276 2 230514 8 68461 9 298976 8 1 9 
100835 6 282294 1 217302 0 71247 3 288549 3 2 2 
75701 6 215519 5 178780 4 36460 0 215240 3 —0 1 
88317 8 219995 2 185969 5 33222 8 219192 3 —0 4 
1061312 6 267038 7 224603 1 37597 1 262200 1 -1 8 
11}439 1 274460 9 232273 6 38491 5 270765 1 ~1 4 
13]369 4 284162 3 243710 2 33061 5 276771 7 -2 7 
147009 2 292849 3 254007 9 32796 2 28680 4 1 -2 1 
1 3451 6 7 301787 6 263017 0 37411 0 300427 9 —0 S 
94789 6 251269 1 20 7466 3 39178 0 246644 3 -1 9 
100327 4 260059 7 218620 4 41006 7 259627 1 -0 2 
137748 8 321245 4 275115 6 45137 3 320252 9 -0 3 
157181 3 337691 6 289036 7 43428 5 332465 2 -1 6 
171356 1 356203 1 302319 0 49914 1 352233 1 -1 1 
197024 3 374522 1 333312 9 39935 0 373247 9 -0 3 
214444 1 430155 3 375284 9 51256 4 426541 3 -0 8 
197054 3 418200 6 355639 9 524 34 0 408073 9 -2 5 
165445 6 372141 4 315603 5 55947 7 371551 2 -0 2 
152856 0 366440 1 310725 4 54677 4 365402 8 -0 3 
w 
u> 
•>-4 
I 
« 
166 
151 
145 
219 
144 
218 
143 
160 
142 
217 
216 
215 
141 
161 
162 
163 
165 
164 
187 
203 
202 
186 
201 
200 
185 
208 
2 1 1  
181  
209 
182 
210 
193 
212 
183 
194 
213 
184 
214 
180 
176 
179 
195 
170 
177 
173 
196 
% 
.5 
. 1  
.4 
.4 
.7 
• 5 
• 1 
• 3 
• 6 
• 0 
.4 
.5 
• 3 
• 1 
• 4 
o7 
• 1 
.8  
. 8  
• 6 
• S 
• 7 
• 6 
.4 
.9 
• 1 
• 8 
• 6 
• 1 
.9 
• 5 
•  3 
• 1 
• 0 
.7 
• 4 
.3 
. 0  
• 1 
• 5 
. 6  
. 2  
.5 
.7 
.9 
• 0 
JIABLf' Al 1 .4 frON'TI 
TUBE $ I 
HEAT 
II 
FLUXES 
I I I  ]  V 
TEST 
FLUID 
TEST 
CONDENSER 
AFTER 
CONDENSER 
TOTAL 
COOLANT 
3 178015.5 
3 171767.0 
3 148039.6 
3 145425.0 
3 154258.8 
3 169062.8 
3 179562.0 
3 180243.6 
3 202;C87.7 
3 206962.3 
3 218822.6 
3 219428.5 
3 205771.4 
3 165248.9 
3 188123.5 
3 226367.6 
3 246473.4 
3 243320.3 
4 104146.2 
4 131035.7 
4 144480.2 
4 149689.0 
4 153782.5 
4 178101.7 
4 166900.0 
4 213029.4 
4 216185.2 
4 195889.4 
4 212326.1 
4 281117.9 
4 182623.6 
4 189627.8 
4 178814.0 
4 161757.5 
4 152895.6 
4 149825.1 
4 134266.0 
4 13%722.0 
4 140375.9 
4 167159.5 
4 190637.9 
4 223146.5 
4 227122.1 
4 236746.1 
* 239096.5 
4 216243.7 
202337 
176957 
139941 
152576 
148011 
176397 
178559 
204109 
214487 
237203 
277600 
311169 
321490 
161254 
177075 
215814 
2831261 
326481 
108218 
139421 
163201 
162635 
176951 
10330T 
204525 
259272 
252058 
245866 
236892 
139609 
209384 
211920 
192458 
18222? 
161751, 
15619» 
141566 
147190 
146589 
160500 
213390 
235477 
261794 
287633 
256044 
222413 
152146 
151355 
116811 
1115344 
123150 
139038 
146994 
136565 
187569 
201675 
240511 
270243 
252115 
128939 
152997 
189772 
246294 
326511 
89945 
114915 
135256 
13691.4 
159123 
197034 
200934 
239425 
238245 
241946 
218024 
2037A6 
1810 70 
179657 
157088 
156760 
127739 
127382 
119979 
104950 
118387 
133595 
175860 
208144 
232790 
299638 
2374 10 
182667 
3 
5 
3 
0 
7 
3 
5 
6 
7 
0 
1 
1 
8 
5 
4 
7 
1 
9 
3 
4 
8 
0 
1 
9 
6 
6 
1 
0 
0 
0 
4 
9 
2 
8 
6 
9 
3 7 
7 
1 
3 
0 
1 
3 
0 
4 
143333 
116610 
94799 
91904 
101082 
105029 
138951 
132 280 
1591.07 
150883 
196406 
221596 
261752 
109856 
121539 
1661765 
224691 
277779 
71914 
85:145 
108814 
115997 
144772 
170416 
17T1501 
233010 
224924 
212180 4 
198983 
177014 
156485 
163865 
141022 
14î!006 
106060 
101,038 
108776 
87734 
92504 
108696 
143577 
182541 
208113 
28)1228 
198407 
153805 
6 
7 
1 
8 
8 
6 
4 
4 
0 
2 
1 
1 
4 
8 
7 
2 
1 
3 
3 
1 
2 
7 
0 
3 
8 
8 
6 
1 
7 
1 
8 
5 
0 
7 
1 
5 
1 
3 
8 
7 
8 
6 
6 
2 
7 
3 
354547 
318400 
260332 
276519 
278614 
313972 
333979 
348038 
394014 
41 1047 
477356 
516700 
520881 
307011 
342569 
421399 
515737 
580085 
195318 
241113 
276246 
290800 
318318 
362765 
373876 
472006 
459501 
440353 
433846 
401171 
380748 
379459 
340728 
324010 
290822 
284104 
267784 
246765 
270718 
302737 
378695 
431904 
47159 3 
542888 
475127 
419114 
288715 
264265 
213396 
215802 
224894 
251790 
275153 
279034 
326045 
340297 
398700 
436766 
444859 
241470 
273256 
342064 
427471 
501607 
159845 
200961 
235679 
241453 
271131 
311395 
320370 
403662 
397956 
383022 
370080 
342411 
311664 
318303 
285954 
274591 
234267 
228278 
215561 
201860 
212647 
243450 
309030 
362823 
397234 
472256 
397693 
331104 
1 
2 
0 
3 
1 
0 
4 
8 
9 
4 
3 
2 
4 
4 
0 
0 
6 
8 
9 
1 
7 
3 
0 
6 
5 
8 
3 
3 
0 
7 
0 
4 
8 
8 
3 
5 
9 
3 
0 
7 
3 
4 
3 
4 
6 
5 
57080 
50658 
43353 
59484 
49012 
60559 
55240 
61179 
64991 
66870 
67665 
67400 
54526 
56356 
64650 
76305 
77663 
62807 
43252 
41644 
36431 
47284 
39256 
42860 
42814 
58499 
58056 
64020 
59012 
62362 
56267 
56175 
54954 
49331 
51577 
46492 
43783 
39950 
47370 
64044 
63631 
69785 
72016 
67025 
73138 
75923 
345795 
314923 
256749 
275286 
273907 
312349 
330394 
340214 
391037 
407167 
466366 
504167 
499386 
297826 
337906 
418369 
505135 
564415 
203098 
242605 
272111 
288737 
310387 
354256 
363184 
462162 
456013 
447043 
429092 
404774 
367931 
374478 
340908 
323922 
285844 
274771 
259344 
241811 
260017 
307494 
372661 
432609 
469250 
539281 
470831 
407027 
3 
8 
7 
3 
0 
4 
0 
1 
6 
8 
1 
0 
1 9 
7 
8 
4 
1 
1 
6 
6 
9 
2 
4 
8 
3 
1 
0 
6 
4 
8 
8 
9 
8 
4 
1 9 
i 
8 
8 
8 
3 
4 
4 
8 
6 
% 
.5 
.9 
• 3 
• 6 
• 0 
. 8  
• 3 
• 1 
• 8 
• 1 
.9 
. 8  
. 8 
. 2  
. 2  
. 2  
.5 
.  3 
. 8  
• 7 
.5 
. 1 
• S 
.5 
. 1 
• 6 
.7 
• 5 
• 5 
•  5 
.3 
• 6 
.4 
.4 
.3 
.9 
• 6 
.3 
• 5 
• 6 
.5 
. 8  
.0 
. 2  
. 8  
. 1 
HEAT 
II 
FLUXES 
I I I  
TABLI= A 11.4 (CON' T) 
IV 
TEST 
FLUID 
TEST 
CONDENSER 
AFTER 
CONDENSER 
TOTAL 
COOLANT 
204190 
178142! 
1745761 
15297(1 
254690 
230669 
214101 
197466 
196905) 
1810421 
170689 
150822: 
149591 
158479 
I 08798 
122335 
139745 
149641 
140634 
1775731 
204353 
205046 
114826 
131731 
129278 
152453 
175927 
215406 
237242; 
229924 
243016 
124994 
154034 
167387 
182804 
204865 
239824 
249976 
250275 
2780 80 
295777 
316545 
304536 
126255 
125677 
145155 
. 2  
.3 
• 6 
.6  
. 8  
. 1  
. 8  
.5 
.6 
.5 
. 1  
.6 
. 2  
. 0  
.9 
. 1  
.0 
.6  
. 8  
.0  
.5 
•  0  
.0  
.5 
. 2  
•  6  
.0  
.0  
. 1  
.7 
.  1  
.5 
.0  
.3 
.3 
.5 
. 1  
.3 
.9 
.3 
•  6  
.6  
. 2  
.9 
•  8  
. 1  
172002 
139177 
144626 
1204H6 
2165X7 
2032 76 
171376 
166947 
156449 
145356 
1350 37 
118621 
117916 
1250 23 
05763 
97289 
102867 
;l 18582 
139557 
150368 
197192 
1208269 
83899 
86714 
110089 
:l 17651 
201339 
.161284 
198891 
236265 
222209 
90164 
117773 
123241 
I390S3 
149494 
1774 32 
212179 
198714 
204439 
266678 
281586 
304609 
96222 
831 10 
100823 
. 0  
«7 
. 1 
. 0  
. 5  
. 1 
.3 
. 1 
.7 
. 2  
• 4 
.7 
. 5  
• 4 
• 3 
. 6  
. 8  
.3 
.9 
.9 
•  5  
. 0  
• 0 
. 1 
• 4 
•  0  
•  8  
.7 
. 0  
. 1 
. 0  
• 4 
• 6 
. 1  
. 6  
. 1 
• 3 
•  2  
.4 
. 1 
. 8  
. 2  
. 8  
. 6  
. 6  
. 6  
14:1143.6 
117262.5 
115685.5 
951355.8 
175293.6 
147143.3 
139025.1 
121076.6 
118345.4 
109061.3 
10:1767.0 
89758.7 
93996.9 
94643.7 
71 1584.5 
87796.5 
951585.9 
102:!579.0 
109935.2 
146335.5 
194582.3 
206081.5 
69750.5 
81427.1 
95690.6 
102315.5 
54896.7 
1701173. 1 
214681.5 
250214.3 
252 552.1 
78830.1 
92848.2 
110467.8 
125616.3 
138095.8 
168291.9 
200055.1 
208031.7 
2021230.3 
263741.9 
289 760.6 
333608.1 
67013.1 
80 805.1 
85279.4 
386997 4 313806 7 79022 9 392829 6 
335794 3 264020 3 65380 7 329400 9 
328975 1 264471 2 60 396 6 324867 8 
282525 4 222002 5 56032 8 278035 3 
473897 5 378950 3 99700 8 478651 0 
428651 7 345183 6 87035 4 432219 1 
387237 9 311850 8 76377 1 388227 9 
371826 4 287370 1 73262 9 360633 1 
354737 2 2828 55 5 78389 9 361245 4 
327544 6 262336 6 61671 4 32400 7 9 
317136 6 245700 8 62452 5 308153 3 
278812 3 216193 6 52541 1 268734 7 
280810 5 219325 4 59187 6 278512 9 
299084 2 229991 0 59709 8 289700 8 
230125 8 185708 5 39516 9 225225 4 
252633 3 210368 0 47887 9 258255 8 
288049 8 239519 1 58871 6 298390 7 
308794 6 256151 7 48601 3 304752 9 
323292 3 264093 7 56477 4 320571 1 
378800 8 319916 1 56337 5 376253 6 
438413 8 385965 6 59242 2 445207 8 
458519 2 394219 6 54866 6 449086 3 
231497 0 185672 9 42509 9 228182 8 
265658 5 215157 3 51750 8 266908 1 
284272 2 229252 3 49200 8 278453 1 
328084 1 260894 8 65301 3 326196 1 
363819 5 301291 7 65242 1 366533 7 
444613 5 367471 0 70773 4 438244 4 
495491 3 423911 3 69182 4 493093 8 
521599 5 440954 7 72989 0 513943 7 
522820 6 451717 5 69655 8 521373 3 
2570 72 7 20 30 75 1 47558 9 250633 9 
307341 7 248589 1 51508 1 300097 2 
332738 6 2739 74 8 63546 1 337520 9 
363883 0 300175 8 68455 1 368630 9 
410840 2 338876 6 80010 8 418887 4 
473274 6 397618 0 78576 9 476194 9 
533172 4 431928 1 84078 6 516006 7 
530382 0 440957 0 86855 9 527812 9 
550460 0 452162 6 84596 8 536759 4 
608847 9 517652 5 76214 8 593867 3 
627962 4 543129 5 73532 4 616661 9 
651053 1 559366 5 79005 9 638372 4 
262074 0 203236 1 48310 7 251546 8 
267122 0 211689 6 57493 0 269182 o 
292233 3 230952 3 52448 9 283401 
m 
228 
231 
266 
227 
268 
225 
224 
226 
267 
258 
264 
272 
262 
261 
260 
297 
"96 
312 
295 
298 
311 
294 
299 
288 
293 
30 8 
289 
290 
291 
309 
310 
287 
281 
282 
283 
284 
285 
307 
286 
273 
274 
275 
276 
280 
306 
277 
RO 
% 
.4 
• 5 
• 2 
.4 
.3 
. 1 
• 2 
• 3 
. 2  
.7 
.7 
.9 
.3 
• 9 
• 6 
. 0  
• 1 
• 4 
•  4 
• 1 
• 0 
• 1 
• 4 
•  9 
•  9 
• 4 
•  9 
.6  
.6  
• 9 
•  4 
• 8 
• 7 
•  7 
. 1  
.7 
.7 
.3 
.4 
. 2  
• 8 
• 6 
. 8  
.3 
. 0  
• 1 
,  TARLf: All  .4 irON' T .I 
TUBE HEAT FLUXES TEST 
I II I I I  IV FLUID 
« 212453 0 173533 .  1 121513 9 102527 4 344155 
!> 220451 1 177529 • 9 137050 5 1183110 6 369510 
!> 223148 4 169338 .7 124310 1 116T92 0 364676 
5 236566 5 190180 • 5 145452 9 121994 8 389030 
a 257582 8 196404 • 0 152348 3 143962 8 413916 
5 264188 6 223582 • 4 177884 3 138868 6 452433 
5 289642 9 253332 • 8 210662 1 167755 3 528177 
{> 308687 0 266H12 .7 206548 6 1846154 7 546126 
5 319864 6 241266 • 4 209640 3 192874 4 549562 
£5 174252 3 136650 • 3 103442 5 81603 7 282549 
G 176816 5 133472 .5 96921 2 87669 6 289753 
5 189204 3 142975 .6 93644 2 86598 8 301304 
S 194321 1 148626 «6 107546 3 94316 7 320902 
S 217447 5 165958 o5 123283 1 110779 4 359260 
!> 225958 1 171871 •  8 125703 4 116057 3 372107 
6 135114 1 1081.61 4 106458 8 99613 1 193691 
6 143287 9 116026 8 120675 8 117620 8 212922 
6 142560 6 118f>6<v 4 115870 1 117075 1 215756 
6 147829 6 1217151 2 130075 2 122358 4 219213 
6 143925 3 118256 8 130953 9 132203 4 223731 
6 141354 3 125210 6 127276 8 131079 9 226139 
6 151540 2 129252 1 144533 9 137333 0 231477 
6 148057 1 127468 7 143723 4 148S03 3 235855 
6 172647 6 169667 6 188709 4 177983 5 294615 
6 181466 5 159476 9 134584 2 176894 8 29490 3 
6 179321 1 161; 62 0 172196 9 144624 6 285129 
6 182264 9 158695 9 173938 8 162361 3 281614 
6 174295 0 149487 4 150028 3 148329 2 270847 
6 168357 6 141119 3 147212 1 130904 8 257246 
6 161234 8 132668 D 122887 7 114047 1 230712 
6 130162 5 103708 2 92897 4 81 197 9 186994 
6 107490 3 85563 3 82646 4 67182 7 151293 
6 210211 8 199802 4 238073 3 214891 3 351732 
6 210593 9 187747 8 198860 0 187741 8 339657 
6 199255 9 178563 3 1753 79 3 159950 9 305098 
6 185466 8 157204 9 156784 4 135.847 2 277736 
6 161248 2 127333 8 123365 0 101832 8 230233 
6 151671 1 121393 7 1 !11505 2 99,248 6 218927 
6 119616 0 97253 5 91212 2 75783 1 171845 
6 237955 1 242932 6 301012 8 273692 3 453598 
6 225044 6 236119 4 238958 5 210914 0 391439 
6 233134 8 221152 2 220588 6 203922 3 387619 
6 238076 6 191427 9 202613 7 168079 1 344757 
6 190134 0 165772 4 166220 2 139296 4 300140 
6 194534 9 163079 3 153521 3 134361 6 292164 
6 201110 2 156283 9 139524 8 123181 8 277965 
TEST 
CONDENSE 
AFTER 
CONDENSER 
TOTAL 
COOLANT 
• 8 
. 7  
• 8 
. 1  
.4 
.0  
.5 
. 2  
• 5 
• 8 
• 9 
.3 
• 1 
• 5 
.7 
• 4 
. 1  
.3 
. 1 
.3 
. 2  
.9 
.6 
. 1 
.7 
. 1 
.9 
.9 
• 0 
•  8  
• 9 
.4 
.3 
.3 
. 8  
. 5  
. 2  
.3 
.9 
. 1 
.3 
.7 
.7 
. 8  
.4 
. 2  
276846.6 66103 6 342952 3 
296498.6 71185 6 367684 3 
287534.1 85276 1 372810 2 
315041.1 75460 3 390501 4 
340493.6 83227 2 423720 8 
365111.6 87765 7 452877 3 
418141.9 98877 3 517019 2 
438518.0 106187 3 544705 3 
437305.1 100431 3 537736 4 
225076.9 55450 6 280527 4 
224588.0 57675 5 282263 5 
232553.6 66185 4 298739 1 
247249.5 60324 6 307574 1 
280220.3 82287 8 36250 8 1 
290259.0 91862 6 382121 6 
163758o9 29903 8 193662 7 
18i343»3 31390 7 212733 9 
180053»1 41076 1 221129 1 
190223o5 32015 7 222239 1 
191442o9 39349 2 230792 1 
191582»9 36801 8 228384 8 
205044o9 29031 9 234076 8 
206895«3 37158 6 244053 8 
258373»8 33567 9 291941 6 
255973o8 41707 1 297680 8 
239544«9 41732 7 281277 6 
246810*0 43259 6 290069 5 
226724 <>3 39904 9 266629 2 
214139«7 41468 1 255607 8 
193459,6 35210 1 228669 6 
148684«1 33891 1 182575 3 
124964«4 32244 8 157209 2 
314483o3 43242 7 357725 9 
286052.8 44724 4 330777 1 
259396.3 48666 8 308563 1 
231530.4 44155 2 275685 5 
187247*6 41342 1 228589 6 
176326.7 39770 4 216097 0 
139900.2 34366 3 174266 4 
384667.1 55060 3 439727 3 
332007.4 56468 4 388475 8 
320259.7 53050 4 373310 1 
291625.8 50288 4 341914 1 
241050.4 58228 8 299279 2 
235248.4 53928 5 289176 9 
225997.4 54947 3 280944 6 
RUN 
« 
TUBE 
« I 
HEAT 
II 
FLUXES 
I I I  
•IABJUE AM,4 <CPN' T) 
IV 
TEST 
FLUID 
TEST CONDENSER 
AFTER CONDENSER 
TOTAL COOLANT 
ERROR 
% 
278 
279 
30 Ï 
313 
304 
30 Si 
302 
314 
303 
433 
434 
439 
435 
436 
438 
437 
426 
427 
428 
429 
430 
431 
432 
322 
323 
418 
420 
324 
421 
325 
422 
326 
424 
327 
328 
425 
315 
410 
317 
41 1 
412 
318 
413 
329 
414 
319 
6 
6 
6 
6 
6 
6 
6 
6 
6 
7 
7 
7 
7 
7 
7 
7 
7 
7 7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
172594 
148394 
238795 
213289 
197190 
191674 
187603 
193888 
160049 
183162 
168744 
16S226 
163652 
140071 
142969 
130457 
126679 
142114 
163481 
191494 
197516 
197207 
192419 
229276 
241938 
254066 
217486 
226297 
213402 
207789 
205990 
189682 
166316 
165161 
160624 
150711 
272929 
269519 
259430 
253696 
244639 
237088 
234222 
208572 
215992 
205291 
7 
4 
6 
• 3 
• 0 
• 4 
• 8 
9 
3 
8 
1 
. 0  
• 4 
• 1 
.6 
1 
1 
8 
6 
7 
5 
5 
4 
9 
1 
9 
6 
1 
9 
2 
3 
4 
4 
3 
6 
1 
8 
4 
3 
8 
3 
9 
1 
3 
7 
6 
136470 
121873 
214226 
185098 
1752515 
162534 
155052 
160936 
132655 
16382 I 
146560 
150183 
143547 
128366 
117279 
108419 
105192 
116717 
133208 
167744 
17173(5 
175506 
187833 
244735 
22991 ]l 
230467 
185710 
1998311 
18 3333 
178589 
17019!» 
153732 
142572 
14000(1 
126154 
1228731 
265860 
289151 
222050 
233160 
220993 
20 27921 
207472! 
186176 
177610 
172070 
.3 
• 4 
• 6 
• 2 
• 3 
• 8 
• 9 
• 8 
• 4 
• 3 
.7 
. 1  
.0 
.3 
.3 
. 8  
. 1  
. 2  
. 2  
. 1  
.3 
.7 
.3 
. 1  
.4 
.3 
.4 
.6  
• 6 
• 3 
.5 
. 1  
•  1  
• 6 
.4 
.4 
.3 
.4 
. 8  
.4 
.9 
.2 
.8 
.4 
.7 
.0 
122615 
117532 
225197 
174491 
174776 
157369 
145969 
146257 
123775 
170199 
146659 1387130 
141287 
1175 78 
101467 
87041 
90078 
103333 
124835 
166545 
170488 
172348 
188205 
2666 17 
250674 
238217 
1800(58 
175400 
166746 
1595 31 
161665 
136953 
121179 
113778 
103816 
107115 
322102 
290645 
21341.4 
205925 
202209 
184780 
1(16212 
167352 
I 56005 
150352 
102684 
92906 
244340 
150593 
150852 
133541 
133391 
120003 
111091 
170545 
140414 
13:1823 
127007 
107130 
83329 
74070 
71)083 
86711 
109392 
14H552 
140623 
163791 
1 a <5446 
2(54 119 
211 7 600 
2112501 
1661336 
14SM)39 
1 r»r ;i  46 
146044 
13«!595 
111 382 
I05315 
92223 
80317 
8T768 
302:516 
25^M)77 
173656 
17T281 
155855 
153562 
156235 
162435 
12690 7 
123538 
• 3 
•  8 
.7 
.  1 
.  1 
.1 
.3 
.7 
.4 
.3 
.3 
.0 
.3 
• 8 
• 6 
.8 
• 4 
• 8 
• 4 
• 1 
•  8 
.9 
• 2 
• 6 
.4 
•  8 
.6 
• 8 
.0 
• 5 
.9 
.1 
.5 
.6 
.9 
.1 
.9 
.0 
.4 
• 1 
.7 
•  5 
.0 
• 6 
.6 
.2 
246482 
219747 
405576 
335237 
323098 
298880 
291731 
283700 
246328 
286431 
245992 
242692 
236973 
208670 
193411 
176395 
17867 1 
198858 
231279 
275768 
286318 
301312 
315061 
399665 
382500 
375059 
327099 
326960 
306560 
306767 
293119 
256534 
238203 
225552 
207651 
207138 
475647 
446620 
383200 
381493 
365428 
343700 
335037 
328295 
300853 
2882 50 
4 
6 
1 
.3 
.3 
.  1 
.7 
.6 
.9 
• 9 
.2 
.9 
.9 
• 8 
•  8 
• 9 
.1 
.6 
03 
.8 
04 
.2 
.9 
• 1 
.6 
.0 
• 4 
.8 
•  2 
•  0 
.5 
.6 
• 5 
• 8 
.0 
• 4 
•  1 
.  1 
.3 
.9 
.  1 
.0 
.8 
• 3 
.4 
.0 
194752 
175195 
336190 
263665 
254405 
236930 
228509 
226357 
1922 70 
244693 
214331 
208513 
204769 
178316 
158364 
142332 
141278 
159725 
188914 
237451 
244932 
252217 
268239 
353995 
334502 
332774 
266894 
267395 
256413 
246213 
240697 
210566 
190506 
181893 
167751 
166698 
413927 
394372 
309055 
309592 
293100 
276916 
279021 
257801 
240758 
231739 
7 45405 2 240157.8 -2 6 
5 41054 3 216249.8 — 1 6 
6 73357 4 409548.0 1 0 
8 80410 4 344076.3 2 6 
4 67748 7 322154.1 -0 3 
8 57948 0 294878.8 ~1 4 
2 56271 5 284780.7 -2 4 
9 56797 1 283155.0 -0 2 
3 47688 3 239958.6 -2 7 
4 31202 4 275895.8 ~3 8 
5 3870 2 6 253034.0 2 8 
5 39760 1 248273.6 2 2 
9 32584 2 237354.1 0 2 
6 31726 6 210045.3 0 7 
0 29838 3 188202.3 -2 8 
4 28424 8 170757.1 -3 3 
8 30067 5 171346.3 -4 3 
7 33411 9 193137.5 -3 0 
3 40172 5 229085.7 -1 0 
9 41414 2 278866.1 1 1 
6 47003 1 291935.6 1 9 
5 49262 8 301480.3 0 1 
4 48830 9 317070.4 0 6 
5 38353 7 392349.1 -1 9 
8 43358 1 377860.9 -1 2 
2 48129 7 380903.9 1 5 
3 58092 7 324986.9 -0 7 
3 54017 8 321413.1 -1 7 
4 53709 9 310123.3 1 1 
6 54953 2 301166.8 -1 9 
6 51582 3 292279*9 -0 3 
4 47393 4 257959.8 0 6 
6 42663 7 233170.2 -2 2 
8 42626 0 224519.8 -0 5 
6 38612 4 206364.0 -0 6 
5 32718 1 199416.6 -3 9 
9 65465 0 479392.9 0 8 
9 59975 0 454347.9 1 7 
I 66650 4 375705.4 -2 0 
0 68028 1 377620.1 -1 0 
4 62244 4 355344.8 -2 8 
1 63498 3 340414.3 -1 0 
1 60876 2 339897.3 1 4 
5 62490 1 320291.5 -2 5 
3 56486 4 297244.7 -1 2 
0 55627 0 287365.9 -0 3 
* 
415 
320 
416 
321 
441 
442 
443 
444 
445 
395 
396 
397 
398 
399 
401 
388 
389 
390 
3191 
392 
393 
394 
382 
383 
384 
385 
386 
387 
381 
380 
373 
374 
375 
376 
377 
378 
379 40 3 
404 
405 
402 
406 
407 
408 
409 
X 
, I
. I 
# I 
• 4 
TUBE 
« 
HEAT 
II 
FLUXES 
I I I  
TARI V. AL 1 .A ICCIN'TI 
i:v 
TEST 
FLUID 
TEST 
CONDENSER 
AFTER 
CONDENSER 
TOTAL 
COOLANT 
7 196106 7 157713 3 
7 182893 4 149879 0 
7 179751 4 145416 6 
7 152531 6 122504 9 
7 214674 4 169872 2 
7 1993221 9 168166 6 
7 180126 3 139520 8 
7 162302 4 128184 8 
7 146689 9 112394 5 
8 186119 5 174912: 8 
8 183312 6 163153 1 
3 175319 4 152604 4 
8 172418 3 142007 6 
S 159534 5 1130730 8 
3 149845 9 120517 4 
a 166543 4 131102 1 
8 170447 4 139607 6 
8 183587 4 151992 6 
8 190878 8 167983 6 
a 201855 3 175615 3 
6 218479 3 187438 1 
8 232C1S 1 20 64 28 8 
8 252724 5 261097 8 
8 264069 1 234493 2 
8 256297 0 228988 8 
3 246565 3 206690 5 
8 214761 8 177229 8 
3 202183 8 167223 4 
8 169182 3 147930 3 
8 171077 9 131534 8 
8 298716 3 261557 4 
8 284538 4 246611 9 
8 270224 \ 229528 8 
8 246338 7 200151 6 
3 226770 3 180815 6 
8 205669 3 161672 6 
8 181425 4 140047 8 
3 316167 5 295315 4 
a 259603 4 227864 1 
8 256396 1 208269 2 
8 244629 3 19418G 9 
a 230896 3 184281 1 
8 210816 3 175402 7 
8 193357 8 154097 3 
3 177393 1 136458 1 
137735 
125855 
122792 
99067 
158092 
145364 
126279 
110973 
95545 
161685 
1420134 
129123 
123871 
1052 70 
93647 
98825 
101433 
136645 
142676 
152592 
177364 
223096 
261536 
225182 
185184 
177930 147093 
130035 
L10653 
96518 
206282 
194992 
174629 
148316 
134852 
114206 
102623 
270758 
180 274 
171161 
157249 
145968 
129674 
18238 
104707 
3 109856 7 275214 0 214006 6 57197 8 271204 3 6 99945 2 2(33314 8 198764 4 57661 3 256425 6 
1 9651 1 9 245833 8 193747 1 51 184 1 244931 1 
8 80 290 8 206227 7 161694 3 44377 0 206071 3 
8 131068 1 294392 9 239727 1 56994 2 298721 3 
9 121341 1 279880 1 225669 3 51038 1 276707 4 
2 103094 6 254123 6 195361 9 49006 8 244368 8 
6 91524 3 227288 1 175423 3 44367 1 219790 4 
9 74838 1 198361 5 152824 6 41640 3 194464 9 
5 130987 4 331848 3 281792 0 53550 3 335342 3 
2 117778 9 298917 6 261360 3 47440 4 308800 6 
7 112 577 9 292176 6 245981 1 40487 4 286468 4 
6 9S437 6 266516 1 230085 9 38531 0 268616 9 
9 80931 7 251493 8 205424 3 38235 5 243659 7 
2 69455 4 227949 1 186868 1 40489 1 227357 2 
2 66074 1 244273 7 199797 5 43129 9 242927 3 
6 7 3752 3 267657 5 209191 8 46816 9 25600 8 7 
9 108885 7 304895 8 250505 6 49622 1 300127 6 
9 111335 3 317474 5 264200 6 50608 0 314808 6 
4 116356 3 340513 3 278661 8 72808 6 351470 3 
1 141378 9 368684 3 312394 5 60064 7 372459 2 
3 172 230 4 408978 2 359406 4 38133 1 397539 5 
9 2181137 8 492221 9 428249 6 67814 9 496064 5 
3 191000 1 465072 1 394312 5 67465 1 461777 6 
3 144.791 0 417821 3 352310 4 64008 2 416318 6 
8 130 584 6 398490 3 330118 2 66695 0 396813 2 
7 10&026 8 347106 9 277675 6 61535 7 339211 3 
1 94856 5 307288 6 256203 5 58019 4 314222 9 
6 83275 9 2904A2 4 228938 7 65511 0 294449 6 
4 73985 2 259191 5 203963 6 46629 5 250593 0 
6 159 948 0 4 880!) 8 0 399408 9 83958 4 483367 3 4 6 149 796 4 462218 5 377611 8 100818 7 478430 
1 131762 8 431522 2 347528 9 98228 4 445757 3 
1 111966 1 3797A6 8 304693 6 78678 4 333372 1 
1 97502 0 348618 1 275883 7 86827 8 362711 4 
3 86ÎL93 8 310970 1 244759 5 76712 1 321471 6 
2 76 ft 77 1 277545 8 215672 6 53887 1 269559 7 3 210 63 0 4 577791 2 471108 9 105591 9 576700 e 
2 144594 5 430103 0 350188 9 90589 3 440778 1 
4 1251.49 8 405449 1 3280 55 4 85800 3 4113855 7 
5 110771 8 388217 5 304720 4 98158 1 402878 4 
9 1081.68 6 37 2364 0 288542 3 80095 3 368637 6 
0 94 781 4 330748 6 263265 6 69592 9 332858 Ô 
3 86026 8 303171 9 237849 6 58699 1 296548 8 
9 73836 6 270917 1 212276 8 56957O2 269233 9 
TABLE All.5 
FLOW REGIME OBSERVATIONS FOR TUBE //2 
Flow Regime Key: BDAF, bubbly droplet annular flow 
DAF, droplet annular flow 
SF, slug flow 
FF, film flow 
BF, bubbly flow 
Run It Mass Flux Exit Exit Flow Run // Mass Flux Exit Exit Flow 
Ibm/hr ft^ Quality Pressure Regime Ibm/hr ft Quality Pressure Regime 
psia psia 
117 132839.8 0.033 34.0 FF 138 156991.9 0.025 53.9 FF 
41 146035.9 0.031 34.7 DAF 132 183368.7 0.022 52.4 DAF 
43 148095.1 0.017 34.4 FF 137 189211.3 0.030 52.7 DAF 
116 182814.5 0.028 31.8 DAF 136 226796.6 0.033 50.9 DAF 
115 212735.7 0.023 29.2 DAF 30 263742.6 0.074 50.1 DAF 
24 251108.1 0.037 24.8 DAF 135 283047.2 0.039 47.8 DAF 
114 252365.5 -0.013 25.3 DAF 55 304895.1 0.024 45.2 DAF 
113 296522.4 0.007 18.4 DAF 134 332535.5 -0.014 44.1 DAF 
21 299766.8 -0.007 20.5 DAF 47 334733.1 0.036 43.9 BDAF 
57 316853.1 0.023 13.0 DAF 133 385554.7 0.018 40.1 DAF 
112 338383.0 0.040 9.3 DAF 27 390595.4 0.029 39.9 DAI' 
118 138067.5 0.023 44.0 FF 48 411887.7 0.040 31.0 BDAF 
125 157645.7 0.035 43.1 DAF 139 157703.7 0.030 64.0 BF 
17 163388.1 0.021 43.0 PF 54 180099.7 0.033 62.9 FF 
18 179457.7 0.031 42.0 FF 130 181533.0 -0.002 63.2 DAF 
124 201392.1 0,020 41.6 DAF 129 233947.2 0.029 60.9 DAF 
19 230628.6 0.030 39.3 SF 128 291552.6 "0.006 58.7 DAF 
123 239477.4 0.028 39.3 DAF 33 312608.0 0.020 54.5 BDAF 
16 260624.6 -0.010 36.8 DAF 127 332342.9 -0.006 56.4 DAF 
29 267461.6 0.020 35.9 SF 126 369491.9 0.003 52.9 DAF 
122 282605.8 0.023 35.2 DAF 53 372006.1 0.020 53.6 BF 
38 283770.1 0.024 35.0 DAF 140 388583.7 0.040 49.4 BDAF 
121 317807.9 0.007 31.9 DA); 49 416895.1 0.024 51.7 SF 
22 330873.3 0.025 31.6 BDAF 167 311724.6 0.007 68.3 SF 
120 362988.9 0.007 26.6 DAI? 169 256910.5 0.014 70.1 DAF 
37 374188.1 0.006 27.3 D))AF 168 247531,6 0.034 70.9 DAF 
119 397003.9 0.028 15.1 B))AF 170 210538.1 0.001 72.5 FF 
131 155989.4 0.038 54.2 Fl? 171 175341.1 0.015 73.6 FF 
172 138323.6 0.003 74.6 FF 
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